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Chapter 1. 
General Introduction 
 
 
Preface: In 1992, a new family of mesoporous molecular sieves, MCM series, was reported 
on Nature by researchers belonging to a Mobil group. Prior to the publication, a similar 
mesoporous silica named FSM from another route was already developed by a research 
group of Japan in 1990. These mesoporous silicas indicated high potential to develop a new 
field of porous materials in silica, accelerating researches on new silica materials. We can 
say that a new stage of silica science has begun in 1990, when it was about one decade after 
the publication of Iler’s collective works on silicas. Now contributions of silica science to 
materials science and technology have been desired. 
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1.1. Sources of Silica 
  As already well known, the Clarke numbers of Si and O are 49.5 and 25.8 (the orders are 
1 and 2) [1]. Therefore, silica is one of the easiest materials to use on the earth. Naturally 
occurring silicas, such as quarts sand, rocks, and clays, are used for industrial raw materials. 
In order to produce industrial silica products, such as silica gel, precipitated silica, silica sol 
(colloidal silica), and fumed silica, those primary raw materials are chemically treated to 
produce direct-silica-sources, such as sodium silicate, silicon tetrachloride, and alkoxysilane 
[2].  
  Sodium silicate, Na2O·nSiO2 (ordinarily n=2-4), is a major material in soluble silicate. 
Most of industrial silica materials are produced by its solution because of the cost 
performance. Silica sand and sodium carbonate are mixed and heated to produce sodium 
silicate glass. The sodium silicate glass is dissolved in an autoclave with water to obtain a 
sodium silicate solution [3]. Silicon tetrachloride, SiCl4, is produced from the reaction 
between metal silicon and hydrogen chloride [2]. Metal silicon is obtained by a reduction of 
natural silicas. Alkoxysilane, Si(OR)4 (R: alkyl groups), is produced by the reaction of 
silicon tetrachloride with alcohol [2]. Therefore, the sodium silicate solution is much 
cheaper than other two materials, whereas alkoxysilane is the most expensive. 
 
1.2. Species of Silicic Acids 
  Sodium silicate solutions contain several kinds of species of silicic acids, such as 
monomer, dimmer, and cyclic of silicic acid [4], whose molecular weight depends on the 
molar ratio, SiO2 / Na2O; the higher the molar ratio, the larger the molecular weight [5]. On 
the other hand, silicon tetrachloride and alkoxysilane do not include silicic acids; silicic 
acids are produced by their hydrolysis. The first stage of their hydrolysis reactions generates 
homogeneous monosilicic acid in water. Silicon tetrachloride has high reactivity with water, 
so that cares are necessary with its handling, and it has probably been difficult to use the 
reaction with water in industry. Instead, alkoxysilane reacts with water moderately to 
produce monosilicic acid, of which a reaction rate can be controlled using acidic or alkaline 
catalysts. Therefore, the use of alkoxysilane for the preparation of designed silica materials 
is preferable to materials science and technology [6, 7]. 
Species of silicic acid polymerize to produce the early stage of silica sol particles. The 
study on silica sol particles is important for preparing functionalized silicas. Many 
researchers have reported characterization studies on silica sol using in-situ techniques such 
as dynamic light scattering [8, 9], viscosity measurement [9, 10], ultrasonic absorption 
measurement [11], and other techniques [12-14]. The particle size of the early stage of silica 
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sol is 1-3 nm. The growth of the particles provides stabilized silica sol. When the particles 
link together to develop a three dimensional network, silica hydrogel is produced. When the 
particles link together occasionally to aggregate, precipitated silica is produced. 
 
1.3. Ordinary Silica Products 
  Commercial available silica gel and precipitated silica for solid phase silica products are 
usually produced from the reaction between sodium silicate solution and inorganic acid 
such as sulfuric acid. Silica gel with high specific surface areas is usually prepared by a 
rapid reaction at a relatively high concentration, a low temperature, and an acidic pH region 
[4]. Silica aerogel can be produced by a supercritical drying of silica organogel derived 
from a sodium silicate solution or alkoxysilane [15-18]. Silica gel including aerogel has 
been used for not only desiccant but also additives for inks and plastics, a catalyst supporter, 
and chromatography. Precipitated silica is prepared by the growth of sol particles at a 
relatively low concentration, a high temperature, and an alkaline pH region [4]. Precipitated 
silicas are mainly applied to fillers for rubbers, medical and cosmetic fields, inks, and 
agriculture. Fumed silica is produced from silicon tetrachloride via the reaction with 
hydrogen and oxygen at a high temperature, and used for fillers [19]. Silica microballoons 
are manufactured using a sodium silicate solution, volcanic ash (called Shirasu balloons), 
and fused glass, and are used for plastics [20-21]. 
 
1.4. Advanced Functionalized Silica 
  Advanced functionalized silica materials, such as MCM [22-25], FSM [26-28], and SBA 
[29, 30] have been developed by controlling the condition of the species of silicic acids. 
Also other silicas such as mesoporous silicas [31-33], biomimetic silicas [34, 35], and 
fractal shaped silicas [36, 37] have been prepared. If a vapor reaction using gaseous 
molecules, such as silicon tetrachloride and alkoxysilane, could be controlled, high 
performance silica materials would be produced. However, the present main route is liquid 
phase methods using solutions. MCM is prepared using tetramethylammonium silicate, 
sodium silicate solutions, or silica powders as silica sources with quaternary ammonium 
surfactant compounds, such as cetyltrimethylammonium bromide, as templates. FSM is 
formed by another mechanism called intercalation. A silicate named kanemite, 
NaHSi2O5·3H2O, is used for the starting materials, and alkyltrimethylammonium chlorides 
are applied for the intercalated molecules. 
 
 
  8
1.5. Porous Silicas 
  According to International Union of Applied Chemistry (IUPAC), pores are categorized 
into three regions in diameter: micropore (< 2 nm), mesopore (2-50 nm) and macropore 
(>50 nm) [38]. Furthermore, the pore whose width is smaller than 0.7 nm is called 
ultramicropore. The control of these nanopore sizes is quite important to prepare 
functionalized silicas. Silica gel is the representative of established porous silicas, and those 
of different pore characteristics are manufactured. On the other hand, MCM and FSM are 
the representatives of mesoporous silicas, whose pore sizes can be altered by the size of 
molecules as the templates or the intercalants. Therefore, the pore size distribution is 
extremely narrow. Microballoons and microcapsules are hollow spheres of more than 1 µm 
in diameter, whose hollow space is usually more than 50 nm in diameter: a macropore 
region [20, 21, 39]. Advanced separation techniques for medical field have highly specific 
requirements for silica columns. Application of the pore spaces of silica to a microreactor 
has been tried. The exact control method of the pore geometry of silicas is quite essential to 
a further development of chemical and medical technologies. 
 
1.6. Spray Drying Process 
  In order to collect a solid phase of silica from sol, suspensions or hydrogel, different 
types of drying processes, such as an oven drying, a steam drying, a spray drying, a freeze 
drying, and a supercritical drying, have been carried out. Spray drying is an industrially 
established method to produce powders whose primary particles are spherical. It has been 
applied in chemical, food, and medical industries. New syntheses of silica spheres using 
spray drying have been proposed [40]. In particular an ultrasonic pulverization is useful to 
obtain small particles of narrow size distributions. The droplets containing reaction 
components play a role of microreactors because chemical reactions or physical phase 
transitions occur in the droplets during rapid heating. 
 In this dissertation, the spray drying method is used for preparation of new silicas. 
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1.7. Attempt of New Nanostructured Silicas 
  There are several kinds of species of silicic acids in a sodium silicate solution, and the pH 
is alkaline. The treatment of silica containing alkaline components at a high temperature 
produces glass. Therefore, spray drying of sodium silicate solutions results in glass hollow 
microspheres which are often denoted as microballoons. The aim of the first step of this 
research was to prepare silica microballoons having submicron in diameter. The curvatures 
of inner and outer surfaces of the microballoon should influence molecular adsorptive 
behavior. Since the shell of microballoons consists of silicic acid species of molecular sizes, 
the effect of heating to the shell formation and stability can be also studied. We tried to 
lower the limiting size of the microballoons to sub-micrometer, which is described in 
Chapters 2 and 3. 
  Chapter 4 describes a new preparation of porous silica having micropores, mesopores 
and/or macropores using silica sol of 1-5 nm in size with the spray drying method. The 
special attention for suppression of the aggregation of nanoparticles was paid to get the 
target silica. 
  New spherical silica particles were prepared by the reactions of water droplets with 
silicon tetrachloride. Since we used monosilicic acid, which is derived from silicon 
tetrachloride, for the reaction, a regular structure was expected. The results are given in 
Chapters 5 and 6. 
 Thus, porous silicas prepared using spray drying processes derived from sodium silicate 
solutions or silicon tetrachloride are described in this dissertation. 
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Chapter 2. 
Microporous Silica Microballoons 
 
 
Abstract: Silica microballoons about 1.5 µm in diameter were prepared from sodium silicate 
solution by the ultrasonic spraying dry and spray dry methods. Sodium ions were removed 
with 0.01 N HCI solution, using 1-3 l·g-1. The prepared balloons were characterized with the 
aid of scanning electron microscopy (SEM), thermal analyses, electron probe X-ray 
microanalyses, Fourier transform-infrared, and nitrogen and water adsorptions. The SEM 
observation showed the formation of silica balloons about 1.5 µm in diameter whose shell 
thickness is about 0.1 µm. Thermogravimetry showed that microballoons prepared by these 
two methods have different types of silanol groups. The nitrogen adsorption isotherms were 
of Type II; the αs plots suggested the presence of micropores. The surface area of washed 
samples is greater than that of unwashed samples. However, the water adsorption isotherms of 
washed microballoons show a large uptake in the lower relative pressure region and were 
rather close to Type I. The surface area of washed samples from water adsorption 
measurements was much greater than that from nitrogen adsorption, indicating the presence 
of narrow micropores accessible only to water molecules.  
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2.1. Introduction 
The study of molecular processes on the surfaces of solids is one of the most important 
areas of research in chemistry [1-3]. Chemically active solids can be roughly divided into fine 
particles and porous solids [4, 5]. Both types of solids have high surface area, but generally 
speaking, curvatures of the two types are opposite to each other. Therefore thin adsorbed 
films on the two solid surfaces should be different from each other on the basis of the Kelvin 
equation [6]. A fundamental question is whether molecular processes on the concave and 
convex surfaces are different from each other or not. If we can obtain fine balloons with inner 
and outer spherical surfaces, the effect of the curvature on the molecular process over the 
surface of a particular substance can be examined. 
In a preceding study [7], the chemisorption of NO on synthetic crysotile asbestos, having 
crystals shaped like a cylindrical pipe, showed a stepwise adsorption isotherm, which may be 
associated with the presence of two stages in the molecular processes on inner (SiO2) and 
outer (Mg(OH)2) surfaces. Microballoons (MBs) can be a good system for such studies. 
Nevertheless it is difficult to prepare balloons so small that the curvature difference between 
the inner and outer surfaces leads to marked differences in surface chemical processes on 
these surfaces. At first, we must get MB samples which can be used for molecular adsorption 
measurements, even if the MB samples have pores in their shells. Furthermore, microporous 
MBs are expected to exhibit a selective surface activity. 
  Silica glass balloons whose size is usually more than 100 µm are widely used industrially 
[8, 9]. Silica is a representative surface active solid [10, 11] and the study of surface chemical 
properties of silica MB samples should be helpful in practical applications. Silica MBs are 
very important from both fundamental and practical viewpoints. In this paper, the preparation 
of silica MBs of about 1 µm in diameter from sodium silicate solution and their 
characterization are described. 
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2.2. Experimental 
2.2.1. Preparation of Balloons 
Sodium silicate solution (Fuji Chemical Co.), which contains 5.96 wt % Na2O and 22.8 
wt % SiO2, was used as starting material. The balloons were prepared by two methods. One is 
the method which uses an ultrasonic oscillator of 2.5 MHz and 20 W for preparation of 
droplets of sodium silicate solution in a stream of air. The droplets produced by the ultrasonic 
oscillator are rapidly heated through an electric furnace of 1073 K to become balloons, and 
then larger balloons are removed by a cyclone, while smaller balloons are collected by a scroll 
made of aluminum foil 9 cm long. In this paper, this method is called the ultrasonic spraying 
dry (UD) method. 
Another process is the spray dry (SD) method. Commercial equipment (Tokyo Rika Kikai, 
SD-1) was used but another electric furnace was attached to the equipment to raise the 
temperature of the reaction cell up to 873 K. The samples were collected by a cyclone. The 
collected balloons were fractionated in acetone; only balloons which floated were used for 
experiments. The samples prepared by the ultrasonic and spray dry methods are subsequently 
designated MB-UD and MB-SD. 
 
2.2.2. Removal of Sodium Ions 
The prepared samples contain sodium ions. The sodium ions in the balloons were removed 
by washing with 0.01 N HCl solution using up to 3 l·g-1 at 293 K. The detailed procedures are 
as follows. The balloons (200 mg) were placed on a glass filter connected to a suction system, 
then 50 ml HCl solution (0.25 l·g-l of sample) was added to the glass filter and drawn through. 
The same operation was repeated successively nine times (total amount of HCl solution, 2.25 
l·g-1 of sample). The washed sample was kept in the wet state at room temperature for 2 days. 
Furthermore, the sample was washed with HCl solution (3.0 l·g-1) three times. The content of 
sodium ions in each filtrate was determined by atomic absorption spectroscopy (Shimazu 
AA-640-13). Balloon samples washed with different amounts of the HCl solution were 
prepared and the amount of 0.01 N HCl solution used for washing is included in the sample 
name. For example, an MB-UD-3 sample was prepared by the UD method and was washed 
with 0.01 N HCl solution using 3 l·g-1 of sample. The MB samples were dried in an oven at 
373 K for 1 h after washing. The content of sodium ions in a representative sample was 
determined after dissolving the samples in HF solution. 
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2.2.3. Characterization 
The prepared samples were examined by thermogravimetry (TG) and differential thermal 
analysis (DTA) under an ambient atmosphere at a heating rate of 10 K·min-1 by use of a 
TG/DTA-300 instrument (Seiko Denshi) after maintaining the samples at 373 K for 1 h. The 
prepared samples were observed by scanning electron microscopes (JEOL JSM-820; Akashi 
ALPHA-10). The X-ray microanalyses (EDAX) of the balloon samples were carried out using 
the JEOL scanning electron microscope. IR spectra of MB samples diluted in a KBr disk were 
measured with a resolution of 2 cm-1 over the spectral range 4000-400 cm-1 at 298 K using an 
FT-IR spectrometer (Nicolet, 940) and usually 500 consecutive scans were summed. The 
sample disk was mounted in a vacuum IR cell made of Pyrex glass with KRS-5 windows [12]. 
The samples were pretreated at 403 K and 1 mPa for 90 min. 
 
2.2.4. Water and Nitrogen Adsorptions 
The adsorption isotherms of water on the MB samples were measured gravimetrically at 
303.0 ± 0.1 K using a quartz spring balance. The entire adsorption apparatus was held at 
303.0 ± 0.5 K [13]. The adsorption isotherms of nitrogen on the MB samples at 77 K were 
measured in a similar way to the water adsorption. The samples were evacuated at 423 K and 
1 mPa for 1 h prior to the adsorption measurements. 
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2.3. Results and Discussion 
2.3.1. Removal of Sodium Ions 
Figure 2.1 shows changes in the amount of sodium ions removed from the MB samples 
when washed with 0.01 N HCl at 293 K. Here, each washing took 5 min except for immersion 
of the MB samples for 2 days at a point indicated by an arrow in Fig. 2.1. Most sodium ions 
in MB-SD samples can be easily removed by washing with 0.01 N HCl solution, while the 
removal reached only 75 % at best in the case of MB-UD samples. The Na2O and SiO2 
contents in weight per cent determined by dissolution in the HF solution are 19 and 73 for 
MB-SD-0; 3 and 92 for MB-SD-1, 0.8 and 94 for MB-SD-3, and 19 and 71 for MB-UD-0 
respectively. In this study, we examine unwashed MB samples and MB samples washed with 
0.01 N HCl solution at 1, 2 and 3 l·g-1. 
 
Figure 2.1. Changes in the percentage of sodium ions removed 
from microballoons by washing with 0.01 N HCI solution. 
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2.3.2. Scanning Electron Microscopic Observation 
Figure 2.2 shows scanning electron micrographs of the MB-UD samples. Spherical 
particles are observed in Figs. 2.2 (a), (c) and (d). The particle morphology does not 
significantly change with washing. Figure 2.2 (b) shows the micrograph of an MB-UD-0 
particle compressed by a pressure of 780 kg·cm-1. This picture shows clearly the presence of a 
shell about 0.2 µm thick. Also we could occasionally observe fractured balloons even in the 
electron micrographs of MB samples without compression. Furthermore, EDAX line scans of 
Si to evaporated Au along the central line of a balloon about 7 µm in diameter provided a 
distribution with a plateau at the center. These facts indicate that the prepared particles are 
balloons. Figure 2.3 shows scanning electron micrographs of unwashed and washed MB-SD 
samples, while fractured balloons are shown in Fig. 2.4 (a). The MB-SD particles should also 
be balloons and their shape and size hardly change by washing. In the micrographs of washed 
MB samples, there are few fractured balloons; probably the fractured samples dissolve in the 
HCl solution. The spherical particle size distribution was determined from more than 300 
particles on the micrographs of × 4000 magnification, as shown in Fig. 2.4. All distributions 
are rather narrow, although larger balloons can be frequently observed. More than 97% of the 
particles have a diameter of below 5 µm. The average diameter is denoted by an arrow in Fig. 
2.4. The average diameter of MB-UD samples is almost constant (1.4 µm) regardless of 
washing, while the average diameter of the MB-SD samples increases slightly with washing. 
   
   
Figure 2.2. Scanning electron micrographs of MB-UD sample. 
(a) & (b) MB-UD-0, (c) MB-UD-1, and (d) MB-UD-3. 
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Figure 2.3. Scanning electron micrographs of MB-SD samples. 
(a) & (b) MB-SD-0, (c) MB-SD-1, and (d) MB-SD-3. 
 
 
Figure 2.4. Particle size distribution of MB samples. 
An arrow indicates the average diameter. 
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2.3.3. Thermal Properties of Microballoons 
Figure 2.5 shows TG and DTA results for MB-UD samples. These samples lose weight 
between 373 and 940 K in two stages. Two kinds of change should occur in the regions of 
373-573 K and 870-940 K. However, DTA shows a broad endothermic process due to 
evolution of water which arises from incorporated water and various kinds of silanols. There 
is an exothermic peak just above the second weight loss. The second weight loss near 850 K 
may come from the overlapped process of water evolution from the decomposition of silanols 
incorporated in the shell by rapid heating during preparation and partial formation of 
β-cristobalite after sintering of balloons. Kondo and Muroya [14] showed that incorporated 
sodium ions accelerate crystallization of silica gel to β-cristobalite near 1070 K. The fact that 
the broad exothermic peak near 900 K for MB-UD-1 is the largest agrees with their idea. The 
sodium ions should accelerate crystallization owing to defective structures around them. The 
TG of MB-SD samples does not show an abrupt weight loss at 850 K, but only a gradual 
weight loss from 370 to 600 K, as shown in Fig. 2.6. The DTA has a very broad endothermic 
peak up to 1200 K and a small exothermic peak near 1040 K. In the case of MB-SD-0, there 
is a broad exothermic peak near 900 K. The broad endothermic peak should arise from 
dehydration of various kinds of silanols and evolution of incorporated water molecules. With 
the MB-SD samples, there should be no silanols incorporated in the closed pores within the 
shell because of gradual heating during preparation; there is no second weight loss. The 
different TG behavior of the MB-SD samples compared with the MB-UD samples may be 
ascribed to the difference in the amounts of silanols in the closed pores. The thermal analyses 
are indicative of non-crystalline silica balloons having various kinds of silanols. 
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Figure 2.5. TG and DTA of               Figure 2.6. TG and DTA of 
MB-UD samples.                        MB-SD samples. 
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2.3.4. Si-O Skeletal Structures by IR Spectroscopy 
Figure 2.7 shows IR spectra of unwashed and washed MB samples in vacuo in the 
wavenumber range 600-1600 cm-1. Both washed MB-UD and MB-SD samples resemble each 
other. A strong absorption band near 1100 cm-1 with a shoulder near 1200 cm-1, which is 
assigned to the Si-O stretching [15, 16], is observed. The absorption band near 1100 cm-1 of 
unwashed samples is broader and slightly shifted to lower wavenumber compared with that of 
washed samples. Especially the spectrum of MB-SD-0 is different from the others. The strong 
peak near 1100 cm-1 becomes sharper by washing; washing leads to not only removal of 
sodium ions, but also to a change in the Si-O structure. The IR spectral features of washed 
MB-UD and MB-SD samples are close to those of silica gel. However, the absorption bands 
in this region change sensitively from one crystal form to another, even in the case of 
crystalline SiO2. Consequently, further examination of the Si-O structure is necessary. The 
absorption band near 1450 cm-1 is attributed to surface carbonate; the surface sodium ions are 
possibly incorporated with carbon dioxide in the ambient atmosphere and the less thoroughly 
washed sample has a stronger absorption. 
 
 
Figure 2.7. IR spectra of MB samples in vacuo. 
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2.3.5. Microporosity 
Figure 2.8 shows adsorption isotherms of nitrogen and water on MB-UD samples washed 
with different amounts of HCl solution. The amount of nitrogen adsorbed is small and 
increases by washing, but the amount adsorbed does not depend on the amount of 0.01 N HCl 
wash solution used. However, the amount of water adsorbed increases in line with the amount 
of acid used for washing. The nitrogen adsorption isotherms are of Type II, while the water 
adsorption isotherms are of Type I rather than Type II. The ratio of saturated amount of water 
adsorption to that of nitrogen adsorption for MB-UD-3 reaches seven, indicating that the 
washed MB-UD samples have ultramicropores which cannot accept a nitrogen molecule, but 
can accept a water molecule. The nitrogen and water adsorption isotherms of the MB-SD 
samples are shown in Fig. 2.9. Both nitrogen and water adsorption isotherms are close to 
Type I except for MB-SD-1 and MB-SD-3 whose isotherms have Type II character. For the 
original MB-SD samples, adsorption of water vapor begins at P/P0 =0.7. The MB-SD-2 
sample has the greatest nitrogen adsorption of any sample (MB-SD or MB-UD). The ratio of 
saturated amounts of water adsorption to nitrogen adsorption for MB-SD-1 and MB-SD-3 is 
more than 15; the washed MB-SD samples have numerous ultramicropores accessible to a 
water molecule. The lack of dependence of the amount of nitrogen adsorption on the amount 
of HCl solution used for washing suggests that micropore formation is accompanied by 
destruction of pores. Although water adsorption on silica is usually analyzed in terms of the 
surface density of hydroxyl groups [17, 18], we cannot yet correctly determine the surface 
hydroxyl density. 
The levels of nitrogen and water adsorption do not simply correlate with the extent of 
washing. Basically initial washing removes sodium ions to produce micropores (mainly 
ultramicropores); initial washing increases the adsorpti’on capacity especially for water. 
However, sufficient washing leads not only to production of micropores, but also to collapse 
of micropores owing to their association. This effect is associated with N2 adsorption. For 
example, the fact that the amount of nitrogen adsorbed on MB-2 is greater than that on MB-3 
should be caused by production and collapse of micropores. Also sodium ions in the inner 
surface are removed after the collapse of micropores to increase further the number of 
ultramicropores, giving rise to a further increase in water adsorption, as observed in the 
MB-SD samples. 
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Figure 2.8. Adsorption isotherms for nitrogen (a) and water (b) on MB-UD samples. 
○: MB-UD-0, □: MB-UD-1, △: MB-UD-2, ▽: MB-UD-3. 
 
 
 
Figure 2.9. Adsorption isotherms for nitrogen (a) and water (b) on MB-SD samples. 
○: MB-SD-0, □: MB-SD-1, △: MB-SD-2, ▽: MB-SD-3. 
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Figure 2.10. The αs plots for nitrogen adsorption isotherms on MB-SD and MB-UD samples. 
(a) ○: MB-SD-0, □: MB-SD-l, △: MB-SD-2, ▽: MB-SD-3. 
(b) ○: MB-UD-0, □: MB-UD-1, △: MB-UD-2, ▽: MB-UD-3. 
 
 
TABLE 2.1 
Surface Area from Nitrogen and Water Adsorption 
 
Samples aBET,N (m2g-1) 
aα,N 
(m2g-1) 
aBET,W 
(m2g-1) aBET,W / aBET,N 
MB-UD-0  5  5  10 2.0 
MB-UD-1 22 22  36 1.6 
MB-UD-2 47 47  65 1.4 
MB-UD-3 23 25 156 6.8 
MB-SD-0  3  3   7 2.3 
MB-SD-1 11 15 168 15 
MB-SD-2 42 24  68 1.6 
MB-SD-3 11 12 230 21 
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Figure 2.10 shows αs plots for the nitrogen adsorption isotherms of the MB-UD and 
MB-SD samples calculated by the method of Sing [19]. Here the standard adsorption isotherm 
on non-porous hydroxylated silica measured by Bhambhani et al. [20] was used as standard 
data. Almost all the linear parts of the αs plots in the lower αs region pass through the origin 
and deviate downwards from linearity in the higher αs region. These αs plots are indicative of 
microporosity. The αs plot of MB-UD-2 indicates the presence of mesopores. The BET 
surface area aBET,N and the surface area aα,N determined from the αs plot for nitrogen 
adsorption are listed in Table 2.1 together with the BET surface area aBET,W for water 
adsorption. The aBET,N value is almost identical to aα,N. The ratio of aBET,W / aBET,N values 
increases with washing. Although unwashed MB samples have micropores, removal of 
sodium ions in the shell of the balloon produces ultramicropores. Thus, washed 
ultramicroporous MB samples about 1 µm in diameter were prepared. The surface chemical 
properties and characterization of the prepared ultramicroporous balloons should be examined 
further. 
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Chapter 3. 
Characterization of Hydrated 
Silicate Glass Microballoons 
 
 
Abstract: Glass microballoons (GB) of about 1 µm in diameter were prepared by ultrasonic 
spray pyrolysis from sodium silicate solution. A silica-rich type of glass microballoons (SB) 
was prepared by acid treatment of GB. The structural changes of both microballoons with 
thermal treatment up to 973 K were examined. Both GB and SB showed properties similar to 
hydrated sodium silicate glass, to some extent. SB was more thermally stable than GB, but the 
spherical structures of both microballoons were collapsed by heating at 973 K; cristobalite 
was observed in samples heated at 973 K. The loosely and tightly incorporated water 
molecules evolved up to 573 K and near 850 K, respectively. The crystallization of 
cristobalite caused tightly incorporated water molecules to develop. The ultramicropores 
accessible only to H2O molecules in SB gradually decreased by heating and disappeared by 
heating at 773 K. 
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3.1. Introduction 
Silica is one of the important colloidal materials, and the surface chemistry has given much 
attention to the relevance to surface hydroxyls [1-5]. Various kinds of silica materials have 
been prepared from alkali metal silicates for the silica chemical industry [6-12]. 
Vitreous hollow microspheres, generally called glass microballoons, have been widely used 
as fillers [13-15]. A sodium silicate solution has been used for industrial preparation of 
silicate microballoons with minimum diameter of more than 10 µm [14]. Recently, an 
advanced electric insulation technology [16] has required ceramic/glass microballoons with 
maximum diameter of less than 10 µm. 
The authors have reported the preparation method of silicate microballoons with an average 
diameter of 1.5 µm from sodium silicate solution and their surface chemical properties [17]. 
Ultramicropores were accessible only to water molecules in the shell of acid-treated silicate 
microballoons. We employed the ultrasonic spray pyrolysis method, which is one of the vapor 
phase techniques [18], to prepare fine silicate microballoons. The silicate microballoons are 
expected for adsorbents, molecular sieves, and microcapsules, because they have inner spaces 
surrounded with the silicate shell having ultramicropores, and the inner spaces can work as 
ion or molecule storage. 
In this article, the thermal changes of two types of microballoons, sodium silicate glass 
microballoons and their sodium deficient ones prepared by the ultrasonic spray pyrolysis 
method and acid treatment, are described. 
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3.2. Experimental 
3.2.1. Preparation of Microballoons 
Mists of diluted sodium silicate aqueous solution (Na2O: 0.37 wt %, SiO2: 1.40 wt %) 
generated by an ultrasonic oscillator of 2.5 MHz were rapidly heated to 1073 K with air 
carrier at a flow rate of 10 l·min-1. The smaller particles obtained by pyrolysis of the mists 
were collected by an aluminum scroll, while the larger particles were removed by a cyclone. 
The collected particles are termed glass microballoons (GB). GB was washed with 0.01 N 
HCl solution at 293 K. The washed GB was dried at 383 K for 1 h. As the content of sodium 
ions of the washed GB is less than that of GB, the washed GB is called silica-rich type of 
glass microballoons (SB). Preparation details were described in an earlier report [17]. The 
contents of sodium ions in the representative samples were determined by atomic absorption 
spectrometry after dissolving the samples in HF solution. 
 
3.2.2. Thermal Treatment of GB and SB 
Both GB and SB were heated at 573-973 K for 1 h in air, then they were cooled in a 
desiccator. The sample heated at a temperature T is designated GB-T or SB-T. 
 
3.2.3. Characterization 
The GB and SB samples were observed by a scanning electron microscope (Hitachi 
S-4100) at the magnification of 3000. TG and DSC measurements were carried out with the 
aid of thermal analyzers (Seiko TG/DTA-300 and DSC-300) in a stream of N2 (100 ml·min-1) 
at a heating rate of 10 K·min-1. The samples were preheated at 383 K for 2 h in an N2 
atmosphere before the thermal analysis. Infrared spectra of samples diluted in a KBr disk 
were measured with resolution of 2 cm-1 over a spectral range of 400 to 4200 cm-1 at 298 K 
using FT-IR spectrometers (Nicolet System-740 and Jasco 500) and a vacuum IR cell. 
Consecutive scans of 200 times were summed to get the IR spectrum. Samples diluted with 
KBr to 0.50 wt % were preheated at 383 K and 1 mPa for 90 min in the IR vacuum cell. X-ray 
diffraction patterns of samples were obtained with an automatic X-ray diffractometer (Rigaku 
2028) using Cu Kα (35 kV and 10 mA). The adsorption isotherms of N2 at 77 K and H2O at 
303.0 ± 0.1 K were gravimetrically measured. The samples were preheated at 423 K and 1 
mPa for 2 h prior to the adsorption experiments. Desorption experiments were carried out; the 
amount of desorption was determined 30 min after lowering pressure, although 30 min was 
not enough to attain the complete desorption equilibrium. 
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3.3. Results and Discussion 
3.3.1. Morphological Changes of GB and SB with Heating 
Table 3.1 shows the chemical compositions of GB and SB. Here the content of Na2O was 
calculated from that of Na determined by atomic absorption spectrometry. About two-thirds 
of Na in GB was removed by the HCl treatment at 293 K. 
The morphological changes of GB and SB with heating by the aid of a SEM are shown in 
Figs. 3.1 and 3.2, respectively. Nonheated GB is spherical in shape and smaller particles tend 
to be attached to larger ones. The average particle size of GB was 1.4 µm, determined by 
counting the number of particles from SEM photographs. Heating at 773 K partially induced 
sintering of GB particles. Collapsing of the spherical structure and forming of a continuous 
network including crystal-like particles are induced by heating at 973 K. A clear difference 
between GB and SB is observed in the morphology of the sample heated at 773 K. No change 
is observed in the morphology of SB particles by heating at 773 K. Smaller concentration of 
sodium ions improves the thermal stability of SB. Even SB collapses and forms an aggregate 
including crystal-like particles on heating at 973 K. 
 
 
 
 
 
TABLE 3.1 
 Chemical Composition of Products 
 
Sample Na2O (wt %)
SiO2 
(wt %)
H2O 
(wt %)
GB 18.8 70.9 10.3 
SB  6.6 85.8  7.6 
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Figure 3.1. Scanning electron micrographs of GB samples. 
(a): GB, (b): GB-773, (c): GB-973. 
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Figure 3.2. Scanning electron micrographs of SB samples. 
(a): SB, (b): SB-773, (c): SB-973. 
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3.3.2. Structural Changes of GB and SB with Heating 
The above-mentioned morphological changes with heating are accompanied by the 
following gravimetric and thermal changes. Figure 3.3 shows the TG and DSC charts for GB 
samples. The weight losses are listed in Table 3.2. GB shows the stepwise weight losses 
below 823 K (1st step) and above 823 K (2nd step), which are endothermic processes. These 
weight losses are ascribed to dehydration of incorporated water molecules and hydroxyl 
groups, because most of the physically adsorbed water molecules should be removed by 
preheating at 383 K. The thermal behavior of GB is similar to that of hydrated silicate glass 
[9-12]. It is suggested that GB was hydrated by the residual water or the heated water vapor 
from sodium silicate solution in the course of sample preparation. The gradual weight loss 
below 823 K of GB originates from dehydration of the loosely incorporated water molecules, 
and the rapid weight loss near 823 K is mainly due to dehydration of tightly incorporated 
water molecules. 
 
 
 
TABLE 3.2  
Properties of GB and SB Samples 
 
Weight loss 
(wt %) Sample
aBET,W 
(m2g-1) 
aBET,N
(m2g-1)
W0,W 
(mlg-1)
1st step 2nd step 
GB  17 6 0.01 6.4 3.9 
GB-573   5 4 0.00 2.4 3.4 
GB-673   6 2 0.00 2.6 3.4 
GB-773   3 1 0.00 3.1 2.2 
SB 109 5 0.04 5.2 2.4 
SB-573  71 5 0.03 2.5 2.6 
SB-673  33 4 0.01 1.8 2.9 
SB-773   1 3 0.00 0.8 2.5 
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Figure 3.3. DSC and TG of GB samples. 
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Figure 3.4. DSC and TG of SB samples. 
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The heat-treated GB samples also show the stepwise weight losses. The starting 
temperatures of 2nd steps in heated GB samples are higher than that of GB; those of GB-573, 
GB-673, and GB-773 are 839, 836, and 845 K, respectively. Most weight losses of the 1st 
steps consist of slight weight losses up to the treated temperature. The weight losses are 
ascribed to detachment of rehydrated water molecules after heat treatment. Therefore, most of 
the loosely incorporated water molecules are dehydrated for the first time up to 573 K. The 
fact that the 2nd weight losses of the heat-treated GB samples decrease with the increase of 
the heating temperature shows that part of the tightly incorporated water molecules can be 
dehydrated even below the temperatures of the 2nd steps. 
Thermal analytical results of SB samples shown in Fig. 3.4 are little different from those of 
GB samples. Although SB has a two-stage process of weight loss due to detachment of 
loosely and tightly incorporated water molecules, both amounts of losses are smaller than 
those of GB. The starting temperatures of the 2nd steps in SB samples are higher than those of 
GB samples; those of SB, SB-573, SB-673, and SB-773 are 875, 877, 867, and 873 K, 
respectively. The weight losses of the 2nd steps in SB samples and GB-773 are close to each 
other, suggesting that part of the tightly incorporated water molecules evolves by heating up 
to 773 K for 1 h and is removed by acid treatment accompanied by the elution of sodium ions. 
Broad exothermic processes are observed at temperatures in the 2nd steps of weight losses 
in the DSC charts of GB and SB. These are caused by the crystallization of cristobalite from 
the amorphous solid, superposing onto the crystal-like particles observed in the SEM 
photographs of GB-973 and SB-973. The tightly incorporated water molecules rapidly evolve 
by the transformation due to the crystallization. The X-ray diffraction examination of GB 
samples shows the cristobalite formation clearly, as shown in Fig. 3.5; GB-973 has sharp 
diffraction peaks due to cristobalite. The peaks of SB-973 of cristobalite were sharper than 
those in GB-973. Cristobalite is grown at the temperature region near 973 K in hydrated 
sodium silicate glass of high silica content such as these GB and SB samples, although it is 
not formed at 973 K in an anhydrous system of sodium silicate [6]. 
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Figure 3.5. X-ray diffraction patterns of GB samples. 
 
 
 
 
 
 
  38
FT-IR examinations show additional evidences for the structural changes induced by the 
heat treatment. Figures 3.6 and 3.7 show IR spectral changes of GB and SB samples with the 
heat treatment in the range of 600-1800 cm-1. There are six clear absorption bands, assigned 
to O-H bending of incorporated water molecules at 1670 cm-1, carbonate at 1460 cm-1, 
asymmetric stretching of Si-O-Si at 1100 cm-1, Si-O stretching of Si-O-Na+ at 960-980 cm-1, 
OH bending or Si-O stretching of SiOH at 880 cm-1, and symmetric stretching of Si-O-Si at 
790 cm-1 [12]. 
The absorption bands at 1670 cm-1 due to loosely incorporated water molecules in GB and 
SB disappear on heating at 573 K, which corresponds to the results by thermal analysis except 
GB-773 which shows a slight weight loss owing to the rehydrated water molecules after heat 
treatment. The adsorption band at 1760 cm-1 due to tightly incorporated water assigned by 
Uchino et al. is not found in GB and SB [12], which suggests that the tightly incorporated 
water in this system is different from that in the usual hydrated sodium silicate glasses. After 
heating at 973 K, the hydrated silicate glass changes to the anhydrous glass including 
cristobalite because the band of 960-980 cm-1 appears in GB-973 and SB-973, while the band 
at 880 cm-1 disappears. The band of 880 cm-1 is attributed to the OH bending of silanol groups 
including the silanol groups produced by a resonance interaction among one tightly 
incorporated water molecule and two silanols in the presence of sodium ions [9]. The 
intensity of the 1100 cm-1 band decreases with the heat-treatment, especially after heating at 
973 K. This marked reduction of the absorption intensity should arise from formation of fine 
cristobalite crystals in sodium silicate glass. 
Figure 3.8 shows IR spectra at a higher frequency range. There are two clear absorption 
bands, assigned to O-H stretching of SiOH at 3600-3700 cm-1, and O-H stretching of 
incorporated water molecules at 3300-3500 cm-1 in both GB and SB. The absorption band 
assigned to silanol groups in SB samples decreases with heating and disappears in SB-973, 
while the absorption band assigned to incorporated water molecules still remains in SB-973. 
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Figure 3.6. FT-IR spectra of GB samples in 600-1800 cm-1. 
(a): GB, (b): GB-573, (c): GB-773, (d): GB-973. 
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Figure 3.7. FT-IR spectra of SB samples in 600-1800 cm-1. 
(a): SB, (b): SB-573, (c): SB-773, (d): SB-973. 
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Figure 3.8. FT-IR spectra of GB and SB samples in 3000-4200 cm-1. 
(a): GB, (b): SB, (c): SB-773, (d): SB-973. 
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3.3.3. Microporosity Change 
GB and SB samples show different adsorption characteristics. The BET surface areas of 
aBET,N and aBET,W obtained from N2 and H2O adsorption isotherms are shown in Table 3.2. 
Figure 3.9 (a) shows adsorption isotherms of N2 at 77 K on GB samples. The GB samples 
cannot adsorb N2 of more than 3 ml(STP)g-1 at 77 K and the GB samples heated at high 
temperature adsorb N2 slightly. There are few micropores accessible to an N2 molecule in the 
GB samples, which should be produced by evaporation of water molecules during formation 
of the microballoon shell. The surface area decreases with heating; almost all micropores are 
lost on heating up to 573 K due to sintering caused by reducing of loosely incorporated water 
molecules. 
Figure 3.9 (b) shows adsorption isotherms of water at 303.0 K on GB samples. Those of 
GB-673 and GB-773 are shown only in the region of high pressure. The adsorption isotherm 
of GB has a slight uptake at the low relative pressure region, being close to Type II. The BET 
surface area (aBET,W) of GB is about three times greater than aBET,N of GB (Table 3.2). 
Therefore, GB has a slight amount of ultramicropores accessible to an H2O molecule. The 
H2O adsorption isotherm of GB-573 has no B point, being of Type III. Although it was 
difficult to determine the BET surface area of GB-573, the routine application of the BET 
analysis provided the surface area of 5 m2g-1, which is almost the same as aBET,N. The 
adsorption isotherms of H2O on GB-673 and GB-773 are close to that of GB-573. Thus, 
heating above 573 K induced collapsing of the ultramicropores on GB. The desorption branch 
of GB is also shown in Fig. 3.9 (b). The abrupt adsorption above 0.5 of P/P0 and a marked 
hysteresis are associated with solvation of residual sodium ions to H2O molecules adsorbed in 
the shell of GB. 
 
 
 
 
 
 
 
 
 
 
 
 
  43
 
 
 
 
 
 
Figure 3.9. Nitrogen (a) and water (b) adsorption isotherms of GB 
samples at 77 K and 303.0 K. (○), (△), (□), and (▽) are adsorption 
branches of GB, GB-573, GB-673, and GB-773, respectively. (●) is 
desorption branch of GB. 
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Figure 3.10 (a) shows an adsorption isotherm of N2 at 77 K on SB samples. SB has a steep 
uptake at the low P/P0 region, indicating the presence of micropores. SB-573 also has a 
considerably marked uptake at the low P/P0 region, although the amount of N2 adsorption is 
less than that of SB. The amount of N2 adsorption decreases by increasing the heated 
temperature. The microporosity of the SB samples is more evident than those of GB because 
of fewer Na ions and incorporated water molecules. 
The adsorption isotherms of H2O on the SB samples are shown in Fig. 3.10 (b). The 
amount of H2O adsorption in ml·g-1 is much greater than that of N2 adsorption, which is 
indicative of the presence of ultramicropores which only H2O molecules are accessible to. 
The fact that BET surface area aBET,W of SB is much greater than that of GB suggests the 
formation of ultramicropores on removing Na ions with H2O molecules. The amount of 
saturated adsorption of H2O on SB is 4.0 mmol·g-1, corresponding to about 80 % of the 
reduced amount of H2O-Na structures (5.0 mmol·g-1), supporting the above discussion. 
The adsorption isotherms of H2O on SB, SB-573, and SB-673 are the intermediate type of 
Type I and II, suggesting the presence of mesopores together with ultramicropores. The 
higher the heating temperature, the less significant the amount of H2O adsorption at the lower 
P/P0 region because of the decrease of ultramicropores. As the BET surface area of 
microporous solids has ambiguity according to the IUPAC recommendation [19], the 
micropore volume (W0,W) was determined by the Dubinin-Radushkevich (DR) plot for the 
H2O adsorption isotherms (Table 3.2). Changes in the micropore volume with heating 
temperature support the above discussion about reduction of ultramicropores with heating. At 
the high relative pressure (> 0.7), there is a possibility that the increase of H2O adsorption is 
attributed to residual sodium ions in addition to the mesopore effect because SB samples have 
slight sodium ions.  
Pore size distributions of SB samples were evaluated from H2O adsorption isotherms using 
the Cranston-Inkley method (Fig. 3.11) [20]. Here, H2O adsorption data of nonporous silica 
by Sing et al. were used in order to estimate the thickness of adsorbed H2O layers [2]. As the 
Cranston-Inkley method cannot be routinely applied to the determination of the micropore 
size distribution, the distributions of less than 1 nm in Fig. 3.11 just indicate the qualitative 
tendency. This figure shows that the heat treatment markedly alters the micropore structure, 
and contribution of the mesopores is not significant. Heating SB at 773 K creates 
nonmicroporous microballoons. On the other hand, the tightly incorporated water molecules, 
which are removed above 850 K, still remain in the shell of SB-773 with the residual Na ions. 
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Figure 3.10. Nitrogen (a) and water (b) adsorption isotherms of SB 
samples at 77 K and 303.0 K. (○), (△), (□), and (▽) are adsorption 
branches of SB, SB-573, SB-673, and SB-773, respectively. (●) is 
desorption branch of SB. 
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Figure 3.11. Pore size distribution of SB samples. 
(○): SB, (△): SB-573, (□): SB-673, (▽): SB-773. 
 
 
3.4. Conclusions 
SB obtained by removing Na ions with acid treatment from GB is more thermally stable 
than GB. SB has ultramicropores accessible only to water molecules. A two-stage process of 
weight losses on GB and SB by thermal analyses suggested the presence of loosely and 
tightly incorporated water molecules which evolve up to 573 K and near 850 K, respectively. 
The ultramicropores in SB are produced by removing Na ions with part of the incorporated 
water molecules. The ultramicropores decrease with the increase of the treated temperature 
and disappear on heating at 773 K. Heating of GB and SB at 973 K leads to the formation of 
cristobalite in the shell, accompanied by evaluation of tightly incorporated water molecules 
and collapse of balloon structures. 
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Chapter 4. 
Micropore to Macropore 
Structure-Designed Silicas from 
Condensation Control of 
Silica Nanoparticles 
 
 
Abstract: A new preparation process for porous silica particles was examined using activated 
silica sols, which were called nano-silica solutions in this article. Several kinds of acids are 
employed to neutralize diluted sodium silicate solutions: formic acid, acetic acid, propionic 
acid, oxalic acid, succinic acid, DL-malic acid, citric acid, and tricarballylic acid as carboxylic 
acids, sulfuric acid and hydrochloric acid as inorganic acids. The effect of salts in the 
nano-silica solution is also studied. The products were investigated using a field emission 
scanning electron microscope, an X-ray diffractometer, the nitrogen adsorption technique, and 
a mercury porosimeter. Microporous silicas were produced when carboxylic acids were 
applied; the formation of micropores was influenced by the pH of the nano-silica solutions 
and molecular sizes of carboxylic acids. Addition of a salt in a citric acid solution increased a 
mesopore volume. Macropores were formed when inorganic acids including salts were 
applied; the salt nanoparticles, crystallized in silica spheres, acted as templates. 
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4.1. Introduction 
  Silica has been widely applied in various industries [1]. New porous silicas, such as MCM 
[2, 3], FSM [4], and SBA [5, 6] of regular pore structures, have stimulated a wide range of 
fundamental studies on interface chemistry. The key of preparation of new silicas with regular 
pore structures is to use molecular assembly structure of surfactant molecules as the templates 
for pores. Although these new silicas have contributed to recent progresses in interface 
science, they are not sufficiently applied to technology due to the limited pore region and an 
economical reason. Therefore, if we can produce silicas of which pores can be controlled 
from micropores to macropores with a more concise technique using sodium silicate solutions, 
new and wide applications can be extended for porous silicas. 
We focus on the very early stage of polymerized silicic acids from sodium silicate solutions, 
which can be called nano-silica solutions because they consist of extremely small silica 
nanoparticles as the intermediate of ions and particles. If aggregation of the silica 
nanoparticles can be avoided while drying, porous silicas having specific surface areas more 
than 1000 m2g-1 can be obtained. One type of nano-silica solutions is prepared from a reaction 
between a diluted sodium silicate solution and a mineral acid, such as sulfuric acid. This type 
of the nano-silica solution had been used for water treatment and called “activated silica sols” 
[7]. Commercial available silica gels and precipitated silicas are usually produced from the 
reaction of the same kinds of solutions. Another type of the nano-silica solution is prepared by 
mean of the sodium ion exchange to proton using a cation exchange resin, and called “active 
silica” [1] or “active silicic acid [8]. Active silica is an important source for silica sol in 
industry. Active silica also consists of extremely small silica nanoparticles of 1-2 nm in 
diameter [1, 9]. Hence we can construct porous silicas using nano-silica solutions. However, 
we must suppress the rapid aggregation of silica nanoparticles in the nano-silica solution on 
drying. One applicable method is the supercritical drying method [10-12], which provides 
silica aerogels. Also other trials to control the aggregation were carried out [13-15]. 
We have been trying to prepare silica particles using spray drying methods; hollow silica 
spheres derived from sodium silicate solutions [16, 17], and porous silica particles derived 
from silicon tetrachloride [18] have been obtained. Since the spray drying method has been 
industrially established for a long term, a basic study using this method can introduce to a 
large scale plant easily. Also, spherical powders can be readily prepared using the spray 
drying method.  
We have searched efficient aggregation inhibitors which intensify the suppression effect of 
the spray drying method for activated silica sols. Produced salts by the neutralized reaction 
between alkaline in the sodium silicate solution and the acid must act as an aggregation 
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inhibitor. In this study, several kinds of organic and inorganic acids were selected. Spray dried 
silicas were prepared from activated silica sols which were derived from reactions of sodium 
silicate solutions with several kinds of organic and inorganic acids, and conditions of products 
and then pore structures of produced silicas were studied. 
 
4.2. Experimental 
4.2.1. Preparation of Nano-Silica Solutions 
A sodium silicate solution (Industrial Grade, 3.2SiO2:1Na2O, 29 wt % silica content, Fuji 
Chemical Co.) was diluted to 10 wt % silica content using deionized water, and kept at 293 ± 
1.0 K. A concentration of alkaline as NaOH in the diluted sodium silicate solution is about 1 
N. Since reactions should be operated in acidic side to avoid gelation, acid solutions of 1 to 3 
N were used. Sulfuric acid (2 N) and hydrochloric acid (2 N) as inorganic acids, formic acid 
(3 N), acetic acid (3 N), and propionic acid (3 N) as monocarboxylic acids, oxalic acid (1 N), 
succinic acid (2 N), and DL-malic acid (2 N) as dicarboxylic acids, citric acid (2 N) 
(above-mentioned: Wako Pure Chemical Co.) and tricarballylic acid (2 N) (Aldrich) as 
tricarboxylic acids were prepared using deionized water. Those acid solutions were kept at 
293.0 ± 1.0 K. A diluted sodium silicate solution of 150 g were added into an acid solution of 
150 g at a rate of 12-13 ml·min-1 with stirring moderately. The obtained nano-silica solutions 
were kept stirring at 293.0 ± 1.0 K for 10 min. Succinic acid does not have enough solubility 
in water to form the transparent solution; adding the diluted sodium silicate solution induced a 
perfect dissolution of siccinic acid. In order to study effects of inorganic salts, salt rich types 
of nano-silica solutions were also prepared by acid solutions of dissolved salts of 10-30 wt % 
using sodium chloride in citric acid and hydrochloric acid solutions, and sodium sulfate in 
sulfuric acid solutions. We prepared a reference silica without porosity using active silica 
whose silica content is 5 wt %. 
 
4.2.2. Porous Silicas from Spray Drying 
A laboratory scale spray dryer (SD-1, Tokyo Rika Kikai Co.) was employed to prepare 
spray dried silica samples at the conditions as described below. The air was heated up to 
403-423 K and introduced to the apparatus at a flow rate of 0.4-0.5 m2min-1, and the 
nano-slica solutions were sprayed into a heating area about 7 L using a nozzle at a rate about 
10 ml·min-1. Outlet gas temperatures before collections were at 353-373 K; therefore, the 
drying times were estimated about 1 second. The dried particles were collected using a 
cyclone. The obtained spray dried samples were dispersed in water and stirred for more than 
10 min followed by filtration and washing with enough water until becoming the filtrate to 
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neutral pH. The washed samples were dried at 383 K for 3 h. Spray dried samples except the 
reference silica were designated by using symbols indicating acids: sulfuric acid (HS), 
hydrochloric acid (HC), formic acid (FA), acetic acid (AA), propionic acid (PA), oxalic acid 
(OA), succinic acid (SA), DL-malic acid (MA), citric acid (CA), and tricarballylic acid (TA), 
followed by the number indicating concentrations of acids in normality, such as HS-2 and 
FA-2. Salt-added samples were designated by appending the numbers in round brackets 
indicating salt concentrations in acid solutions in wt %; HS-2(10) showed a spray dried 
sample using sulfuric acid including 10 wt % of sodium sulfate. The reference silica from 
active silica is noted as NP-Silica. Washed samples were designated by attaching a letter W 
after spray dried sample names. 
 
4.2.3. Characterization 
Morphology of samples was observed with a field emission scanning electron microscope 
(FE-SEM HITACHI S-4100) with an acceleration voltage of 15 kV after sputtering Pt-Pd of 
about 20 nm in thickness, and a transmission electron microscope (JEOL, 4000EX) with an 
acceleration voltage of 400 kV. X-ray diffraction patterns were obtained with an automatic 
X-ray diffractometer (MAC SCIENCE MXP18) using Cu Kα radiation at 40 kV and 30 mA. 
The porosity from micropores to mesopores was examined by nitrogen adsorption technique 
at 77 K using Autosorb-1 (QUANTACHROM) after preheating at 453 K and 1 mPa for 90 
min. The porosity from mesopores to macropores was measured with a mercury porosimeter 
(CE Instruments Pascal 240) after drying at 453 K. 
 
4.3. Results and Discussion 
4.3.1. Silicas Prepared Using Organic Acids 
  Preparation conditions of the solutions are listed in Table 4.1, and properties of the samples 
are listed in Table 4.2. According to the X-ray diffractmetry (XRD), unwashed samples 
prepared using mono and dicarboxylic acids include crystalline materials, mainly sodium 
carboxylates. MA-2 includes an unknown crystal. Unwashed samples from tricarboxylic acids, 
TA-2 and CA-2, indicate amorphous phases even containing components of carboxylic salts. 
Typical SEM images of washed samples prepared using 3 N monocarboxylic acids are shown 
in Fig. 4.1 as representatives of all samples prepared from carboxylic acids. Samples using 
formic acid and acetic acid (FA-3W and AA-3W) indicate silica spheres having smooth 
surfaces and partially dimples. SA-2W, MA-2W, TA-2W, and CA-2W indicate the similar 
smooth surface to FA-3W and AA-3W without dimples. A sample using propionic acid 
(PA-3W) shows silica spheres having rough surfaces that must be gaps of primary silica 
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particles. OA-1W also indicates similar surfaces to PA-3W. 
Nitrogen adsorption results of samples using monocarboxylic acids are shown in Fig. 4.2. 
Adsorption isotherms of FA-3W and AA-3W are classified to type I, having rapid uprises 
below 0.01 of P/P0. Micropore volumes (W0) of FA-3W and AA-3W obtained by the DR plot 
are 0.113 and 0.304 ml·g-1, respectively. The size of molecules seems to affect the formation 
of micropores; the larger the molecular size, the greater the micropore volume. The isotherm 
of PA-3W is classified to the intermediate types I and II because of a development of 
mesopores; the micropore volume is 0.273 ml·g-1, which is smaller than that of AA-3W, and 
the approximate mesopore volume (VN-W0) obtained by subtracting a micropore volume (W0) 
from a total pore volume (VN) is 0.223 ml·g-1, which is much larger than that of AA-3W, 0.121 
ml·g-1. The hysteresis observed in the P/P0 region between 0.4 and 1.0 suggests that the shape 
of the mesopores is cylindrical. This result supports that the gaps of primary silica particles 
observed by SEM is caused by a formation of mesopores. Molecular sizes must affect the 
formation of micropores and mesopores. 
Figure 4.3 shows isotherms of samples using dicarboxylic acids. Since preparation 
conditions of these samples are different each other: the concentration of oxalic acid (1 N), 
and the starting suspension condition of succinic acid, it is hard to compare the results. 
Therefore, only the tendency can be discussed. The adsorption isotherm of OA-1W indicates a 
mixture of Types I and II as same as that of PA-3W; however, the adsorption uprise by 
micropore is much less than that of PA-3W. OA-1W also has relatively developed mesopores 
and hysteresis between 0.4 and 1.0 of P/P0. The isotherms of SA-2W and MA-2W indicate 
Type I. Especially, MA-2W shows a large uprise by the micropore filling; its micropore 
volume is 0.327 ml·g-1. Isotherms of tricarboxylic acid are shown in Fig. 4.4. Both isotherms 
of TA-2W and CA-2W tend to be Type I; micropore volumes of these samples are 0.312 and 
0.367 ml·g-1, and approximate mesopore volumes are 0.153 and 0.040 ml·g-1, respectively. 
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TABLE 4.1 
Preparation Conditions of Nano-Silica Solutions 
 
Applied acid solution 
Additive Sample 
name Component 
Concentration
(N) Formula
Concentration 
(wt %) 
Approximate 
pH of 
nano-silica 
solutions 
NP-Silica None 0 -  0  3.0 
FA-3 Formic acid 3 -  0 2.9 
AA-3 Acetic acid 3 -  0  4.4 
PA-3 Propionic acid 3 -  0  4.5 
OA-1 Oxalic acid 1 -  0  4.6 
SA-2 Succinic acid 2 -  0  5.0 
MA-2 DL-Malic acid 2 -  0  3.9 
TA-2 Tricarballylic acid 2 -  0  4.5 
CA-2 Citric acid 2 -  0  4.2 
CA-2(10) ” 2 NaCl 10  4.2 
HS-2 Sulfuric acid 2 -  0  0.7 
HS-2(10) ” 2 Na2SO4 10  0.7 
HS-2(20) ” 2 Na2SO4 20  0.7 
HS-2(30) ” 2 Na2SO4 30  0.7 
HC-2 Hydrochloric acid 2 NaCl  0  0.2 
HC-2(10) ” 2 NaCl 10  0.2 
HC-2(20) ” 2 NaCl 20 0.2 
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TABLE 4.2 
Properties of Samples 
 
XRD results of unwashed samples  Pore characteristics of samples 
Sample 
name 
Main component 
[Crystallite size a / nm] 
 Sample name
aBET b 
m2g-1
Vp c 
mlg-1 
W0 d 
mlg-1 
Vp-W0 e 
mlg-1 
VHg f 
mlg-1 
NP-Silica Amorphous  NP-Silica-W 0.6 0.0008 0.0004 0.0004 - 
FA-3 HCOONa  FA-3W 195 0.113 0.113 0.000 - 
AA-3 CH3COONa·3H2O  AA-3W 721 0.425 0.304 0.121 - 
PA-3 C2H5COONa  PA-3W 714 0.496 0.273 0.223 - 
OA-1 (COONa)2  OA-1W 204 0.250 0.083 0.167 - 
SA-2 CH2COOH·CH2COONa  SA-2W 453 0.263 0.235 0.028 - 
MA-2 Unknown crystal  MA-2W 725 0.423 0.327 0.096 - 
TA-2 Amorphous  TA-2W 809 0.465 0.312 0.153 - 
CA-2 Amorphous  CA-2W 713 0.407 0.367 0.040 - 
CA-2(10) NaCl            [55]  CA-(10)W 860 0.709 0.293 0.416 - 
HS-2 NaHSO4·H2O  HS-2   7.3 0.019 0.004 0.015 - 
   HS-2W 265 0.401 0.131 0.270 0.33 
HS-2(10) Na3H(SO4)2  HS-2(10)W 239 0.168 0.130 0.038 1.31 
HS-2(20) Na3H(SO4)2  HS-2(20)W 100 0.124 0.049 0.075 2.52 
HS-2(30) Na3H(SO4)2  HS-2(30)W 48 0.102 0.024 0.078 2.79 
HC-2 NaCl           [125]  HC-2W 200 0.202 0.106 0.096 0.42 
HC-2(10) NaCl           [170]  HC-2(10)W 180 0.141 0.092 0.049 1.47 
HC-2(20) NaCl           [180]  HC-2(20)W 196 0.150 0.106 0.044 2.09 
a: Crystallite sizes determined by the Scherrer method. 
b: Specific surface areas obtained by the BET plot. 
c: Total pore volumes calculated by the adsorption amount at P/P0 = 0.98. 
d: Micropore volumes obtained by the DR plot. 
e: Approximate mesopore volumes calculated by Vp-W0. 
f: Macropore volumes calculated by the pore volume upper 50 nm subtracting the blank 
volume of NP-Silica from mercury porosimetry. 
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Figure 4.1. Scanning electron micrographs of 
(a ) FA-3W, (b) AA-3W, (c) PA-3W, and (d) CA-2(10)W. 
 
 
 
 
 
 
 
  56
 
 
 
 
 
0
50
100
150
200
250
300
350
0.0 0.2 0.4 0.6 0.8 1.0
N
2 A
ds
or
be
d 
/ m
l(S
T
P)
g-
1
P / P0
 
Figure 4.2. Nitrogen adsorption and desorption isotherms of 
FA-3W (●○), AA-3W (▲△), and PA-3W (■□). 
The solid and open symbols indicate adsorption and desorption 
branches, respectively. 
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Figure 4.3. Nitrogen adsorption and desorption isotherms of 
OA-1W (●○), SA-2W (▲△), and MA-2W (■□). 
The solid and open symbols indicate adsorption and desorption 
branches, respectively. 
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Figure 4.4. Nitrogen adsorption and desorption isotherms of 
TA-2W (●○), CA-2W (▲△), and CA-2(10)W (■□). 
The solid and open symbols indicate adsorption and desorption 
branches, respectively. 
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4.3.2. Effect of Organic Acids 
The pH values of nano-silica solutions prepared using organic acids are within 2.9-5.0, 
which might be higher region of the point of zero charge (PZC) by a report for silica, 2.5 [19]. 
However, the solution prepared using formic acid has a pH value, 2.9, which is very close to 
the PZC, and might be at the PZC, according to another literature, 2.5-3.0 [20]. Therefore, the 
surfaces of silica nanoparticles in the solution using formic acid have a few negative charges, 
producing aggregates of primary silica particles during preparation or the concentration by the 
spray drying; consequently, FA-3W has a low surface area and a low pore volume. 
Since the pH values of the solutions using other cablxylic acids than formic acid are higher 
than the PZC, silica nanoparticles in the solutions have strong negative charges. Therefore, the 
silica surfaces are surrounded by positively charged sodium ions accompanying with 
negatively charged carboxyl ions to produce electric double layers. When dried rapidly during 
the spray drying procedure, carboxylic ions and sodium ions are remained between primary 
silica nanoparticles as crystalline sodium carboxylates or amorphous phases as listed in Table 
2. Carboxylic salts with molecular levels in size must be inserted between the primary silica 
nanoparticles. After removing the salts, pores are produced. Even if the pH value is higher 
enough than the PZC, OA-1W indicates a low porosity because the molecular size of oxalic 
acid is small. Thus, the formation of pores must be influenced by at least two factors: the pH 
of solutions and the molecular size of carboxylic acids. In the case of NP-Silica, the pH of the 
active silica solution is 3.0, and no salts are contained. Therefore, NP-Silica is apparently 
nonporous silica having a BET surface area of 0.6 m2g-1, as shown in Fig. 4.5 and Table 4.2. 
An average aggregate particle size can be calculated from the BET surface area by assuming 
that particles are spheres with the same diameter and a true density of 2.2 g·ml-1; that of 
NP-Silica is 4.5 µm, agreeing with the particle size distribution of spray dried particles using 
SEM: 1–10 µm.  
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Figure 4.5. Nitrogen adsorption and desorption isotherms of 
NP-Silica-W (●○) and HS-2 (▲△). 
The solid and open symbols indicate adsorption and desorption 
branches, respectively. 
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4.3.3. Effect of Addition of Salt to the Organic Acid System 
Typical images of SEM and TEM of CA-2(10)W, which is prepared adding sodium 
chloride in the citric acid solution, are shown in Fig. 4.1 (d) and Fig. 4.6 (a), respectively. 
Pores of the diameter around 50 nm are observed in the SEM image. In the TEM image, the 
pores are hard to recognize; a distribution of the areas having light and shade must be the 
pores around 50 nm. The small white area, caused by transmission of electron beams, in the 
TEM image must be nanopores in this sample. Nitrogen adsorption and desorpion isotherms 
are shown as square symbols in Fig. 4.4., showing a large uprise from the P/P0 region at 0.3. 
The mesopore volume of CA-2(10)W, 0.416 ml·g-1, is much greater than that of CA-2W, 
while the micropore volume of CA-2(10)W is similar to that of CA-2W. According to the 
XRD result, the unwashed sample, CA-2(10), includes sodium chloride crystals whose 
crystallite size determined by the Scherrer method is 55 nm, which almost agrees with the 
pore size observed by SEM. Therefore, sodium chloride crystals must work as a sort of 
template to produce mesopores. 
  CA-2(10)W has a specific surface area of 860 m2g-1, which is the largest in this experiment 
derived from 5 wt % SiO2 content nano-silica solutions. The aggregate particle size calculated 
from the surface area is 3.2 nm, which almost agrees with the early stage of the silica sol 
particle size as described by Iler [1]. 
 
 
  
 
Figure 4.6. Transmission electron micrographs of 
(a ) CA-2(10)W and (b) HC-2(20)W. 
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4.3.4. Silicas Prepared Using Sulfuric Acid 
SEM images of the spray dried products using sulfuric acid and those washed samples are 
shown in Figs. 4.7 (a) and (b). HS-2 and HS-2W indicate similar spheres having surface 
roughness as seen in PA-3W. HS-2 contains a crystal phase of NaHSO4·H2O as a main 
component by XRD results as shown in Fig. 4.8. The nitrogen adsorption and desorption 
isotherms of HS-2 are shown as triangle symbols in Fig. 4.5, which indicates the presence of a 
slight amount of micropores and mesopores. After removing sodium salt, XRD of HS-2W 
shows an amorphous phase, and its nitrogen isotherm indicates that micropores and 
mesopores are remarkably increased in contrast with HS-2, as shown in Fig. 4.9. The shape of 
the isotherm of HS-2W is quite analogous to that of HS-2, suggesting that the trace of pores 
already presents in HS-2. 
A main component in the unwashed samples, HS-2(10), HS-2(20), and HS-2(30), changes 
to Na3H(SO4)2, as shown in Fig. 4.8 and listed in Table 4.2. A SEM image of HS-2(20) is 
shown in Fig. 4.7 (c), indicating that the surface is covered by the sulfate crystals. After 
washing, cracks are produced on the silica surfaces as shown in Fig. 4.7 (d); the width of 
cracks seems to be in the macropore region. 
Micropore and mesopore volumes by nitrogen adsorption measurement decrease with the 
amount of the additives as shown Fig. 4.9. Addition of the salt affects the stability of the 
electric double layer around silica nanoparticles in nano-silica solutions; therefore, the 
aggregation of silica nanoparticles is accelerated. The micropore volume of HS-2(10)W is as 
same level as that of HS-2W, while those of HS-2(20)W and HS-2(30)W show great 
decreases. Salt concentrations more than 10 wt % in acidic solutions influence to destroy the 
electric double layer in this system. 
A macropore region is investigated by mercury porosimetry as shown in Fig. 4.10. Usually, 
spaces between particles are measured as pores by mercury porosimetry. Since NP-Silica is 
considered to be nonporous silica having similar particle sizes to the above-mentioned 
samples, the measurement of mercury porosimetry of NP-Silica can be used for a blank. The 
space sizes between the particles of NP-Silica are distributed around 1000 to 2000 nm, and its 
peak top is at 1150 nm. The peak tops of silicas prepared by sulfuric acid shift to the lower 
side, and are distributed wider than those of NP-Silica. In HS-2W, mesopores are observed at 
10-30 nm. In HS-2(10)W, a second peak slightly appears around 100-500 nm. 
Macropore volumes, VHg, are estimated from the region more than 50 nm subtracting the 
pore volume of NP-Silica by the mercury porosimetry measurement as listed in Table 2. The 
macropore volume increases with increasing the concentration of salts; the macropore volume 
of HS-2(30)W, 2.8 ml·g-1, is about 8.5 times greater than that of HS-2W. 
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Figure 4.7. Scanning electron micrographs of 
(a ) HS-2, (b) HS-2W, (c) HS-2(10), and (d) HS-2(10)W. 
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Figure 4.8. XRD patterns of (a) HS-2(30), (b) HS-2(20), (c) HS-2(10), 
(d) HS-2, and (e) HS-2W. 
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Figure 4.9. Nitrogen adsorption and desorption isotherms of 
HS-2W (●○), HS-2(10)W (▲△), HS-2(20)W (■□), and 
HS-2(30)W (▼▽). 
The solid and open symbols indicate adsorption and desorption 
branches, respectively. 
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Figure 4.10. Mercury porosimetry results of (a) HS-2(30)W, 
(b) HS-2(20)W, (c) HS-2(10)W, (d) HS-2W, and (e) NP-Silica. 
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4.3.5. Silicas Prepared Using Hydrochloric Acid 
Typical SEM images of silicas prepared using hydrochloric acid are shown in Fig. 4.11. 
Samples without washing or additives have no macropores, while the washed salt-added 
samples have macropores whose shape is different from that of samples prepared using 
sulfuric acid as shown Fig. 4.11 (d). It is a uniform shape templated by a crystalline sodium 
chloride because the samples without washing include crystalline sodium chloride as shown 
in Fig. 4.12. A TEM image of HC-2(10)W is rather different from the SEM image as shown in 
Fig. 4.6 (b). It looks like a diamond because of a low density and shapes created by NaCl 
crystals. The intensities of XRD patterns show that the crystallinity depends on salt 
concentrations in nano-silica solutions. The crystallite sizes could be calculated using the 
Scherrer method as listed in Table 4.2. The value 125 nm for HC-2 dose not agree with the 
SEM observation. However, the value of 180 nm for HC-2(20) is the same level. 
Nitrogen adsorption and desorption isotherms are shown in Fig. 4.13. In contrast with 
samples prepared using sulfuric acid, decreases of micropore volumes with increasing the salt 
concentration are not significant. Since the pH of nano-silica solutions prepared using 
hydrochloric acid, 0.2, is below the PZC and isoelectric point of silicic acid, 2-3, the surface 
of silica nanoparticles charges positive. Therefore, the electric charge number of anions 
influences to the aggregation of silica nanoparticles. According to the Schulze-Hardy’s rule 
[21], the coagulation value of monovalent ion is much higher than those of polyvalent ions; 
chlorine ions coagulate silica nanoparticles much more weakly than sulfuric ions. Thus, 
micropores influenced by the dispersion condition of silica nanoparticles can keep the same 
level even if NaCl is added. 
The results of mercury porosimetry measurement are shown in Fig. 4.14. Samples with 
addition of the salt have bimodal peaks in the macropore region in contrast with the bimodal 
mesoporous silicas [22]. The higher the salt concentration, the closer the positions of those 
two peaks are. The crystallite size distribution must become narrower with an increase of the 
salt concentration. The macropore volume of HC-2(20)W, 2.1 ml·g-1, is about 5 times greater 
than that of HC-2W. 
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Figure 4.11. Scanning electron micrographs of 
(a ) HC-2, (b) HC-2W, (c) HC-2(10), and (d) HC-2(10)W. 
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Figure 4.12. XRD patterns of (a) HC-2(20), (b) HC-2(10), (c) HC-2, 
and (d) HC-2(20)W. 
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Figure 4.13. Nitrogen adsorption and desorption isotherms of 
HC-2W (●○), HC-2(10)W (▲△), and HC-2(20)W (■□). 
The solid and open symbols indicate adsorption and desorption 
branches, respectively. 
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Figure 4.14. Mercury porosimetry results of (a) HC-2(20)W, 
(b) HC-2(10)W, (c) HC-2W, and (d) NP-Silica. 
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4.4. Conclusions 
  Porous silica particles are prepared from spray dried nano-silica solutions. Micropores are 
produced using carboxylic acids. The formation of micropores is influenced by the pH of the 
nano-silica solutions and the molecular size of carboxylic acids. The addition of a salt to a 
citric acid solution causes to increase the mesopore volume remarkably, and the maximum 
BET surface area, 860 m2g-1, is recorded, which means that the aggregate particle size is 3.2 
nm, agreeing with the early stage of the silica sol particle size. Macropores are produced when 
inorganic acids containing salts are applied. Salt nanoparticles crystallized in the silica 
spheres work as a kind of template. Micropore volumes of silicas prepared adding sodium 
sulfate decrease with the salt concentrations, while those adding sodium chloride do not, 
which obeys the Schulze-Hardy’s rule. 
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Chapter 5. 
Porous Silica Particles 
Prepared from Silicon Tetrachloride 
Using Ultrasonic Spray Method 
 
 
Abstract: Silica particles having the median diameter of 1 to 3 µm were prepared from 
silicon tetrachloride vapor by the reaction with water droplets using the ultrasonic spray 
method. The particle sizes of silicas were controlled by changing the composition of silicon 
tetrachloride and water. These silica particles had microporous structures from nitrogen and 
water adsorption measurements. The microporous and mesoporous particles were prepared 
from the reaction of water droplets including sodium and potassium carbonates with silicon 
tetrachloride vapor. 
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5.1. Introduction 
Several kinds of fundamental silica materials have been produced from several raw 
materials. For example, silica gel, silica sol, and precipitated silica are prepared from sodium 
silicate solution, whereas fumed silica is produced from silicon tetrachloride in industry [1, 2]. 
Alkoxysilane such as tetraethylorthosilicate (TEOS) is also one of the basic raw materials for 
the production of silica materials [3]. On the other hand, the functional silica materials have 
been developed for catalysts and adsorbents by controlling the particle shape and size, the 
porosity, and the surface chemical nature. Especially, recently developed mesoporous silica 
having the regular structure from sodium silicate or alkoxysilane has gathered much attention 
[4-8]. Silicon tetrachloride has mainly been used for producing fumed silica particles, which 
is widely applied to fillers for elastomer and plastics [2]. Control of reactivity of silicon 
tetrachloride with water should provide new silica particles. We are interested in silica 
particles produced by the reaction of silicon tetrachloride vapor with fine water droplets, 
which has possibilities of the formation of silica hollow spheres [9, 10], and new porous silica. 
The ultrasonic oscillation method is quite useful to produce fine water or ionic solution 
droplets. The ultrasonic spray pyrolysis method using the ionic solution droplets is a new 
inorganic synthetic method for fine particles [11]. 
We applied the ultrasonic spray pyrolysis to hydrolysis of silicon tetrachloride. This article 
describes characterization of silica particles prepared from silicon tetrachloride by the 
ultrasonic spray method. 
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5.2. Experimental 
5.2.1. Particle Preparation 
The mists of distilled water generated by an ultrasonic oscillator (Omron NE-12) at the rate 
of 16-126 g·h-1 and room temperature were introduced to a glass reactor by the carrier of air at 
the flow rate of 5 l·mim-1. At the same time, silicon tetrachloride vapor was introduced to the 
same reactor by the nitrogen gas carrier at the flow rate of 10-1000 ml·min-1 and room 
temperature. These mists and vapor were mixed in the mixing room of the reactor, which is a 
glass tube of 70 cm in length and 5.3 cm in diameter and then carried to the heating room, 
which is a quartz glass tube of 70 cm in length and 1.7 cm in diameter surrounded by a 
furnace. The mixing time was approximately 15-20 s and the heating time was about 1.0 s. 
The temperature of the heating room was about 523 K. After the reaction, the products and 
the mixture were passed through a water layer. The suspension of the products was filtrated 
by a fritted glass funnel and washed sufficiently and dried at 323 K in a vacuum oven. As 
silica samples were produced at the different flow rates of the nitrogen carrier, the silica 
sample is designated by the flow rate such as SiO-1000 for 1000 ml·min-1. 
The mists including 5 wt % sodium carbonate or 5 wt % potassium carbonate were 
introduced to the reactor and reacted with the silicon tetrachloride vapor in the same way. The 
nitrogen flow rate of 100 ml·min-1 was used to vaporize silicon tetrachloride for this 
preparation. These samples are designated SiO-100-Na and SiO-100-K, respectively, in this 
article. 
 
5.2.2. Characterization 
The produced particles were observed by a scanning electron microscope (Hitachi S-4100). 
The particle size distributions were examined by a laser scattering particle size analyzer 
(Horiba LA-500). The chemical analyses of particles were carried out by an X-ray 
fluorescence analyzer (Seiko SEA2001). The adsorption isotherms of N2 at 77 K and H2O at 
303 K were gravimetrically measured. The samples were preheated at 423 K and 1 mPa for 2 
h prior to the adsorption experiments. This preheating did not detach the surface hydroxyls 
according to the pre-examination (12). Hence water molecules are adsorbed on the surface 
hydroxyls in the case of water adsorption experiments. Desorption experiments were 
continuously carried out after the adsorption runs. 
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5.3. Results and Discussion 
5.3.1. Morphological Characteristics 
The silica particles were produced by the reaction of silicon tetrachloride with water mists 
under the various conditions, which are shown in Table 5.1. The vaporization rates of silicon 
tetrachloride are in the range of 2.5 to 89.2 g·h-1 according to the nitrogen flow rate of 10 to 
1000 ml·min-1. Also, the mist formation rates were changed widely, as shown in Table 5.1. 
The molar ratios of H2O/SiCl4 for SiO-10, SiO-100, and SiO-1000 are 153.4, 27.9 and 1.7, 
respectively. Silicon tetrachloride and water reacts as expressed by Eq. 1. Hence SiO-10 and 
SiO-100 were synthesized under the water excess conditions, whereas SiO-1000 was prepared 
near the stoichiometric condition. 
 
SiCl4 + 4H2O → Si(OH)4 + 4HCl           (Eq. 1) 
 
 
 
 
 
 
TABLE 5.1 
Preparing Conditions of Products 
 
Sample Generating rateH2O (gh-1) 
Vaporizing rate
SiCl4 (gh-1) 
Molar ratio
H2O/SiCl4 
SiO-10  40.6  2.5 153.4 
SiO-100  49.3 16.7  27.9 
SiO-1000  16.0 89.2   1.7 
SiO-100-Na  91.6 15.6  55.5 
SiO-100-K 126.3 14.8  80.6 
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The chemical composition, except H2O content, was determined by an X-ray fluorescence 
analyzer, as shown in Table 5.2. The SiO2 content of SiO-100 and SiO-1000 is not less than 
99 wt % and the chlorine content is only about 1 wt %; the produced silica is considerably 
pure. Figure 5.1 shows scanning electron micrographs of produced silica. All particles are 
spherical and the particle size has some distribution. No hollow shape was observed. The 
produced particles of SiO-10 seem to be the most uniform. Figure 5.2 shows the quantitative 
particle size distribution. The median particle diameters are 1.6, 2.1, and 3.0 µm, for SiO-10, 
SiO-100, and SiO-1000, respectively. SiO-10 and SiO-100 have considerably uniform particle 
size distribution. Only the distribution of SiO-1000 is very wide compared with those of 
others. The smaller the molar ratio of H2O/SiCl4, the larger the particle size and the broader 
the particle size distribution. As the shapes of these products are spherical and no shell of a 
hollow particle is observed, the mechanism of silica particles should be different from the 
rapid surface reaction giving the hollow silica. 
 
 
 
 
 
 
TABLE 5.2 
Contents of Products 
 
Sample SiO2 (wt %)
Cl 
(wt %)
Na2O 
(wt %)
K2O 
(wt %) 
SiO-100 99.2 0.8 - - 
SiO-1000 99.0 1.0 - - 
SiO-100-Na 97.4 2.6 0.0 - 
SiO-100-K 95.4 2.7 - 1.9 
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Figure 5.1. Scanning electron micrographs (low magnification) of  
(a) SiO-10, (b) SiO-100, and (c) SiO-1000. 
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Figure 5.2. Particle size distributions of  
(a) SiO-10, (b) SiO-100, and (c) SiO-1000. 
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5.3.2. Porous Structure 
Although the nitrogen adsorption measurement on SiO-10 was tried, the correct data could 
not be obtained because of small amount of adsorption. Therefore, SiO-10 may be attributed 
to nonporous material from nitrogen adsorption. On the other hand, nitrogen adsorption 
isothems of SiO-100 and SiO-1000 could be determined. Figure 5.3 shows adsorption and 
desorption isotherms of nitrogen on SiO-100 and SiO-1000. Both isotherms are of Type I, 
indicating the presence of micropores. However, both isotherms have a clear hysteresis, 
which is different from the typical IUPAC Type I. The hysteresis extends to the lower 
pressure below P/P0 = 0.2, suggesting the presence of the intrapore diffusion. As the diffusion 
in micropores is too slow to attain an equilibrium adsorption within each adsorption run and a 
higher dose of nitrogen accelerates the diffusion, the wide-range adsorption hysteresis is 
observed [13]. The amount of adsorbed gas on SiO-1000 is about 5-7 times greater than that 
of SiO-100 (the scale of SiO-1000 is 6 times greater than that of SiO-100). The surface area 
and micropore volume from the nitrogen adsorption are shown in Table 5.3. The surface areas 
of aα,N and aBET,N were determined from the αs-plot constructed using the standard data on the 
nonporous silica in the literature [14] and the BET plot. Both surface areas are close to each 
other regardless of the microporous system. Also the adsorption isotherms were analyzed by 
the Dubinin-Radushkevich (DR) plots. The DR plots were linear, giving the reliable data on 
the micropore volume (W0,N). 
 
 
 
TABLE 5.3 
Properties of Products 
 
Sample aα,N aBET,N aBET,W W0,N W0,W 
SiO-10 - - 139 - 0.051 
SiO-100  36  36 205 0.015 0.090 
SiO-1000 251 247 - 0.116 - 
SiO-100-Na  40  41 124 0.013 0.051 
SiO-100-K  28  28  76 0.007 0.032 
 
 
 
 
  82
 
 
 
 
E
EE
E
EE
EE E
E E E
E
EJJJJJ
J
J
0
5
10
15
20
25
E
EE
EE
E EE
E E E
E E
EJJJJ
J
J
J
0
50
100
150
0 0.2 0.4 0.6 0.8 1.0
Ｐ／Ｐo
SiO-100
SiO-1000
 
 
Figure 5.3. Nitrogen adsorption (○) and desorption (●) isotherms 
of SiO-100 and SiO-1000 at 77 K. 
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Figure 5.4 shows the adsorption and desorption isotherms of water on SiO-10 and SiO-100. 
Although we tried to measure the water adsorption on SiO-1000 gravimetrically, it was 
impossible because of splashing powders caused by great adsorption heat. Those isotherms 
are also of Type I. Even adsorption isotherm of water on SiO-10 could be measured, being 
different from nitrogen adsorption. The water adsorption isotherm indicates that SiO-10 is 
microporous. The amount of adsorbed water on SiO-100 is about 10 times greater than that of 
adsorbed nitrogen compared to Fig. 5.3. The surface areas from BET plot (aBET,W) and 
micropore volumes from DR plot (W0,W) of SiO-10 and SiO-100 by water adsorption are 
listed in Table 5.3, indicating that these silicas have a remarkable molecular sieve property. In 
the case of activated carbons, it is quite difficult to measure the equilibrium nitrogen 
adsorption isotherm on an ultramicroporous system. The ultramicropore is defined as a pore 
whose pore width is less than the thickness of the bilayer of nitrogen molecules (0.7 nm). As 
the bilayerly adsorbed nitrogen molecules interact strongly with the entrance pore, further 
adsorption is blocked. Helium adsorption on ultramicropores at 4.2 K has been proposed in 
order to remove the pore blocking [15, 16]. The nitrogen molecule has a great quadrupole 
moment and then it can interact strongly with the polar pore wall, inducing a serious blocking 
for further adsorption. Silica is hydrophilic and the pore surface should interact with the 
nitrogen molecule more strongly than activated carbon. On the other hand, a water molecule 
is smaller than nitrogen and the adsorption isotherm of water is measured at 303 K. The water 
adsorption should not have the pore blocking effect. The presence of ultramicropores 
indicates that the silica produced at the high molar ratio of H2O/SiCl4 has the agglomerated 
structure of ultrafine silica particles. Hence the prepared silica shows a remarkable molecular 
sieve property. Figure 5.5 shows the high-magnified SEM pictures of SiO-10, SiO-100 and 
SiO-1000. The primary structure is observed on SiO-1000, but not on SiO-10 and SiO-100. 
This SEM result agrees with the above idea. 
 
 
 
 
 
 
 
 
 
 
  84
 
 
 
 
EE
EE
E
E E
E E E
EJJ
J
J
J
0
50
100
150
200
E
E
E
E
E
E
E
E E
E E
EE
J
J
J
J
0
50
100
150
0 0.2 0.4 0.6 0.8 1.0
Ｐ／Ｐo
SiO-10
SiO-100
 
 
Figure 5.4. Water adsorption (○) and desorption (●) isotherms of 
SiO-10 and SiO-100 at 303.0 K. 
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Figure 5.5. Scanning electron micrographs (high magnification) of  
(a) SiO-10, (b) SiO-100, and (c) SiO-1000. 
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5.3.3. Effect of Addition of Na2CO3 and K2CO3 
If the reaction of silicon tetrachloride occurs in the water droplet at the presence of 
carbonates, pores should be produced in the particles due to evaporation of the volatile CO2 
gas. Also the addition of alkalines raises pH of the solution mist and suppresses the 
polymerization process in the solution droplet upon dissolution of silicon tetrachloride. Hence 
addition of carbonates to the water droplets should provide substantial information on the 
particle formation mechanism and the porosity control. 
Figures 5.6 and 5.7 show the SEM pictures for silica particles prepared by use of solution 
mists containing Na2CO3 and K2CO3, respectively. SiO-100-Na particles are the mixture of 
smooth spheres and cracked hollow particles. Hollow particles are semitransparent, indicating 
thin walls. The magnified hollow structure is shown in Fig. 5.6 (b). SiO-100-K particles are 
the mixture of a smooth sphere and spongy particles. The spongy structure is shown in the 
magnified figure (Fig. 5.7 (b)). Hence the addition of alkalines affects remarkably the 
morphology of the silica particles. The chemical composition of the alkaline-added silica is 
shown in Table 5.1. With sodium content, almost all sodium ions are removed during washing 
irrespective of the addition of 5 wt %. 1.9 wt % potassium remains in SiO-100-K. Thus far we 
cannot get uniform hollow and spongy particles by Na2CO3 and K2CO3 addition. 
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Figure 5.6. Scanning electron micrographs of SiO-100-Na.  
(a): Low magnification, (b): High magnification. 
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Figure 5.7. Scanning electron micrographs of SiO-100-K.  
(a): Low magnification, (b): High magnification. 
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Figure 5.8 shows the nitrogen and water adsorption isotherms of SiO-100-Na. The nitrogen 
adsorption isotherm is of Type II rather than Type I, being different from that of SiO-100. The 
low irreversible uptake at a low pressure indicates that SiO-100-Na still has ultramicropores. 
The gradual adsorption over P/P0 = 0.4 is ascribed to the presence of mesopores. Probably 
evaporation of CO2 during heating develops micropores to mesopores. The water adsorption 
isotherm has a clear hysteresis. The hysteresis type is of IUPAC H2. The IUPAC H1 
hysteresis of which adsorption and desorption branches are almost vertical and nearly parallel 
is attributed to the agglomerate structure of very uniform spheres in a fairly regular array and 
having a narrow distribution of pore size. On the contrary the H2 hysteresis is ascribed to an 
irregular agglomerate structure of spheres having the wide pore size distribution. Accordingly, 
the addition of Na2CO3 introduces substantially the irregularity in the pore structure 
accompanying mesopores.  
Figure 5.9 shows the nitrogen and water adsorption isotherms of SiO-100-K. The amount 
of adsorption is smaller than that of SiO-100-Na in both of nitrogen and water adsorption. In 
particular, the low pressure uptake is smaller than that of SiO-100-Na, suggesting that 
ultramicropores in SiO-100-K are less than in SiO-100-Na. The water adsorption isotherm has 
also a hysteresis similar to SiO-100-Na. Hence SiO-100-K has the particle-agglomerate 
structure of less ultramicropores. 
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Figure 5.8. Adsorption (○) and desorption (●) isotherms of SiO-100-Na. 
(a): Nitrogen at 77 K. (b): Water at 303.0 K. 
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Figure 5.9. Adsorption (○) and desorption (●) isotherms of SiO-100-K. 
(a): Nitrogen at 77 K. (b): Water at 303.0 K. 
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Although SiO-100-Na and SiO-100-K have significant amounts of mesopores, a serious 
difference between nitrogen and water adsorption amount is observed. In the case of silica, 
surface hydroxyls should exist on the pore walls and if there are surface hydroxyls on the pore 
entrance having the neck structure, nitrogen adsorption at 77 K induces an intense blocking 
effect due to the interaction of the quadrupole moment of nitrogen with the local electric field 
from surface hydroxyls. On the other hand, the presence of surface hydroxyls accelerates 
mobility of water molecules at 303 K. The observed high selective adsorptivity indicates the 
presence of the fine neck pore structure. 
Pore size distributions of SiO-100, SiO-100-Na, and SiO-100-K calculated by the 
Cranston-Inlkey method are shown in Fig. 5.10 [17]. In order to estimate the thickness of 
adsorbed H2O layers, H2O adsorption data on nonporous silica by Sing et al. were used [18]. 
This figure makes clear the tendency of producing mesopores in the region from 2.5 to 4.0 nm 
in radius on SiO-100-Na and SiO-100-K. 
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Figure 5.10. Pore size distributions of SiO-100 (●), 
SiO-100-Na (■), and SiO-100-K (▲). 
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5.3.4. Formation Mechanism of Silica Particles of Different Morphologies 
The dissolution of silicon tetrachloride vapor into a water droplet begins at the interface of 
the vapor and droplet. As soon as silicon tetrachloride molecules contact the water droplet, the 
reaction expressed by Eq. 1 proceeds at the interface, giving monosilicic acid and 
hydrochloride. Then monosilicic acids are polymerized in the water droplet to grow up to 
primary silica particles such as silica sol particles [1]. The concentration of monosilicic acid 
in the droplet is one of the significant factors that influences the growth of primary silica 
particles. The concentration of monosilicic acid depends on the molar ratio of H2O/SiCl4 in 
the reactor. The higher the molar ratio, the lower the concentration of monosilicic acid in the 
droplet. The order of the average concentration of monosilicic acid in the droplet is SiO-1000, 
SiO-100, and SiO-10. Therefore, the average size of primary particles of SiO-1000 is the 
greatest of three samples. Only primary silica particles of SiO-1000 can be observed by SEM.  
The primary silica particles are dehydrated and agglomerated to each other during heating, 
leading to the secondary silica particles. The size of a secondary silica particle is determined 
by the total silica concentration in the droplet. The higher the molar ratio of H2O/SiCl4, the 
smaller the size of the secondary silica particle as same as the primary silica particle, agreeing 
with the SEM observations and the results of particle size distribution. These secondary silica 
particles have pores which are the intergranular gaps of primary silica particles. Hence the 
smaller the average size of the primary silica particle, the narrower the average size of pore. 
Thus, the observed molecular sieving property for water and nitrogen molecules depends on 
the synthetic conditions.  
The initial pH of the droplets containing Na2CO3 or K2CO3 is alkaline, and thereby the 
dissolution of silicon tetrachloride in the alkaline droplet is the key stage of the silica particle 
formation. The concentration of silicon tetrachloride in the reactor is not homogeneous, so 
that the pH of the droplets has slight distribution. The pH of the droplet that silicon 
tetrachloride dissolves too much should be low enough to produce the same shape of particles 
as the samples produced without alkaline salts. On the other hand, the pH of the droplet 
including less silicon tetrachloride should be high enough to realize alkaline silicate solutions. 
Accordingly, the volatile molecules such as water and carbon dioxide in the droplets are 
evolved from the droplets through the fused-glass-like shells during heating, producing 
expanded particle such as hollow or spongy particles. The difference of the morphologies 
upon adding Na2CO3 and K2CO3 must depend on the fact that the viscosity of melting 
potassium silicate glass is higher than that of sodium silicate glass at the same molar ratio of 
silica to alkaline [19]. The viscosity of fused-glass-like shells in the particles having Na2CO3 
is low enough to produce bubbles. In the case of containing K2CO3, however, the viscosity is 
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too high to produce bubbles. Evaporation of volatile molecules through the particle shells 
provides the parts of the spongy particles. 
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Chapter 6. 
Silica Colloids of Different Morphologies 
and Embedded Metal Compounds by 
Spray Reaction with Silicon Tetrachloride 
 
 
Abstract: The attempts to prepare macroporous silica particles and metal compound 
nanoparticle embedded silica microspheres were carried out using the reactions between 
silicon tetrachloride and ultrasonic generating microdroplets including metal compounds. The 
obtained samples were characterized by scanning electron microscopy, X-ray fluorescence 
spectroscopy, powder X-ray diffractometry, X-ray photoelectron spectroscopy (XPS), and 
nitrogen adsorption technique. Macroporous silica particles have been prepared by removing 
the salt crystals formed by the neutralization reaction between sodium or potassium carbonate 
and hydrochloric acid derived from hydrolysis of silicon tetrachloride. As the acid-resistant 
metals, platinum and titanium compound nanoparticles have been easily embedded in silica 
microspheres using these metal compound solutions. For acid soluble metals, aluminium and 
nickel compound nanoparticle embedded silicas have been prepared by applying 
neutralization of the collection water. XPS measurement suggested that Si-O-M bonds (M=Al, 
Ti, Ni, Pt) are produced in samples without mixing in acidic water, although those bonds 
return to Si-O-Si bonds after acid treatment. Micropores and mesopores produce in these 
samples. 
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6.1. Introduction 
Soluble silicate, alkoxysilane, and silicon chloride are famous as silica sources for research 
and industry. Sodium silicate, the representative of soluble silicate, and tetraethylorthosilicate, 
one of the representatives of alkoxysilane, have been used for the starting materials to 
produce functionalized silicas such as mesoporous silicas [1-7]. On the other hand, because of 
the difficulty of handling, the number of recent works using silicon tetrachloride, the 
representative of silicon chloride, is not so many; however, some researchers have treated the 
material actively. For example, Khavryutchenko has studied the silicas produced by burning 
silicon tetrachloride [8], and Heley has investigated silica gel derived from silicon 
tetrachloride [9, 10].        
Macroporous silicas from soluble silicate and alkoxysilane have been also prepared by 
many researchers: mesoporous-macroporous silica using chitosan as a template [11], 
macroporous silica and titania using latex arrays as temptates [12], macroporous silica 
packing with high efficiency and narrow size distribution by monodispersion polymerization 
[13], and silica gel and silica-zirconia including macropores by the phase separation technique 
[14, 15]. However, it is hard to search the articles about macroporous silica derived from 
silicon tetrachrolide. 
 Our preceding study indicated the preparation of spherical, shell-like, and spongy silicas 
from silicon tetrachloride [16]. These types of silica were produced from the reaction of 
silicon tetrachloride vapor and water or solution droplets generated by ultrasonic oscillator. 
Shell-like and spongy silicas were respectively produced by the droplets including sodium 
and potassium carbonate. The macropores produced in the shell-like and spongy silica 
particles can work as, for example, the reaction space of polymers, storage of drugs, and 
separation bed for proteins. The formation of macroporous silica, shell-like and spongy silica 
particles from silicon tetrachloride, was discussed in our article [16], but not enough to 
understand the mechanism. We needed to clarify the formation mechanism of those unique 
silica particles. 
Meanwhile, silicas including metals or metal oxides have been studied for producing new 
catalysts and new compounds [17-20]. There are some techniques to produce metal included 
silica, for example, dispersion of porous silica into metal solutions, and application of the 
sol-gel method using metal alkoxides. The use of sodium silicate and silica sol are also 
possible, although these solutions easily change to gels by addition of metal compounds, 
unless paying attention to the preparing conditions. 
The reaction of silicon tetrachloride vapor with droplets including metal ions has also 
possibility to produce silica-metal complexes or silica-metal mixtures. One of the advantages 
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of our method is to avoid the macroscopic gelation of the mixture because the mixing of 
vapor and solution droplets is performed in the air. However, the microscopic gelation of the 
solution droplets might occur during heating after the mixing. 
Hence, this study proposes a new synthesis for unique silicas, and nanoscale metal 
compounds embedded silicas from silicon tetrachloride.  
 
6.2. Experimental 
6.2.1. Preparation of Solutions 
Sodium carbonate and potassium carbonate (Wako Pure Chemical) were dissolved in 
distilled water to be 10 wt % solution of Na2CO3 (4.3 wt % as Na), and 15 wt % solution of 
K2CO3 (8.5 wt % as K), respectively. In the case of using potassium carbonate, additional 
experiments using solutions of different concentration (5 and 10 wt %) were carried out to 
measure macropore distributions by mercury porosimetry. In order to clarify the effect of salts 
produced by the reaction of alkaline carbonate and silicon tetrachloride, potassium chloride 
solution of 15 wt % (7.9 wt % as K) was also prepared by dissolving potassium chloride, KCl 
(Kanto Chemical), in distilled water.  
Potassium tetrachloroplatinate, K2(PtCl4) (Wako Pure Chemical), was dissolved in distilled 
water to prepare 1 wt % K2(PtCl4) (0.5 wt % as Pt) solution. Titanium tetrachloride, TiCl4 
(Yoneyama Yakuhin Kogyo), was dissolved in cold distilled water to obtain a slight turbid 
solution of 4 wt % (1 wt % as Ti).  
Aluminium hydroxide, Al(OH)3 (Kanto Chemical), was dissolved in 2 N sodium hydroxide 
solution to become sodium aluminate solution including 1 wt % of Al. Nickel hydroxide, 
Ni(OH)2 (Kanto Chemical), was dissolved in 0.4 N HCl solution to prepare nickel chloride of 
1 wt % content as Ni.  
 
6.2.2. Reaction Conditions 
Droplets of solutions described above and distilled water as a control reaction were 
generated by an ultrasonic oscillator (OMRON NE-12) at a rate of 20-80 g·h-1 and contacted 
with the vapor of silicon tetrachloride, SiCl4 (Tokyo Kasei Kogyo), evaporated by nitrogen 
flow at a rate of 10-14 g·h-1 in a reactor. The mixtures of droplets and the vapor were heated 
up to 573 K using the same reactor as described in our prior article [16]. The heated mixtures 
were collected by bubbling in water, which is called the wet process in this article. In order to 
investigate the products without dispersing in water, the residues attached inside of the reactor 
after the heating part were also collected, which is called the dry process. The water for the 
wet process collection changes to acidic with the progress of the reaction because of the 
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generating hydrochloric acid. Therefore, for collecting the products from sodium aluminate 
and nickel chloride, sodium hydroxide was added into the wet process water to keep the pH 
neutral in order to prevent the metal compounds from dissolving. The suspension of the 
products for the wet process was filtered and washed by sufficient water, followed by drying 
at 323 K in a vacuum oven. Samples of the dry process were characterized without any 
further treatments. Acid treatment of the wet process products prepared from sodium 
aluminate and nickel chloride was performed using 1N HCl solution to get low metal content 
samples.  
 
6.2.3. Sample Designation 
The sample names of the wet process products were designated using SiO followed by a 
symbol of the object metal element of the solution and W (from Wet process) in parentheses 
such as SiO-Na(W) or SiO-Pt(W). SiO-K(W) was the representative name of samples using 
potassium carbonate because other samples were only mentioned about the macroporosity 
measurement. The reaction using potassium chloride and silicon tetrachloride was designated 
as SiO-KCl(W), and the control reaction using water and silicon tetrachloride was denoted by 
SiO-Cont(W). The dry process samples were designated as adding D (from Dry process) 
instead of W such as SiO-Cont(D) or SiO-Na(D). The acid treatment samples were named as 
SiO-Al(A) and SiO-Ni(A). 
 
6.2.4. Characterization 
The shapes and sizes of the products were observed by a field emission scanning electron 
microscope (FE-SEM, HITACHI S-4100) after sputtering Pt-Pd of about 20 nm in thickness. 
The chemical compositions of the products for the elements having higher atomic number 
than neon were determined with an X-ray fluorescence (XRF) analyser (SEIKO SEA2001) 
using standard samples. X-ray diffraction (XRD) patterns of the products were measured with 
an automatic X-ray diffractometer (MAC SCIENCE MXP18), with a Cu anode target and 
operating at 40kV and 30mA. The crystallite sizes were calculated by using the Scherrer’s 
equation. As the standard data of full width of half maximum (FWHM), one of the nearest 
peaks of the XRD measurement results of reagent grade NaCl and KCl was used. X-ray 
photoelectron spectroscopy (XPS) measurement was applied to investigate the surface 
properties of the products using an XPS analyser (SHIMADZU ESCA850). The micro and 
mesoporosity of the wet process and acid treated samples were examined by nitrogen 
adsorption technique at 77 K using Autosorb-1 (QUANTACHROME) after the treatment at 
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423 K and 1mPa for 2 h. The macroporosity of SiO-K(W) samples was measured with a 
mercury porosimeter (CE Instruments Pascal 240) after drying at 453 K for 1 h. 
 
6.3. Results and Discussion 
6.3.1. Composition of Products 
The evaporation rate of SiCl4 and the generating rate of droplets were tried to keep the 
differences small between samples, and the consequent mixing ratios of SiCl4 and solutions 
were recorded, which are shown in Table 6.1. The contents of products determined by XRF 
are indicated in Table 6.2. Comparing the metal ratios against silica in weight calculated by 
consumed amount of starting materials with analysed data of dry process samples, the values 
of former are smaller than those of the latter, which agrees with the fact that a part of SiCl4 
vapor is absorbed into the condensed water in the mixing area of the reactor. 
The chlorine contents in SiO-Cont(W) and SiO-Cont(D) are similar level, suggesting that 
the gas phase of HCl generates during heating if counter cations are absent. Other samples 
except the control sample contain counter cations; therefore, the contents of chlorine in dry 
process samples are close to the amount of chemically equivalent level to the contents of 
counter cations. 
Wet process samples show the tendency that metal and chlorine contents are small; 
however, metal contents in SiO-Al(W) and SiO-Ni(W) are rather great because of the 
collection under neutralization. 
The XRD results indicate the conditions of products more clearly as shown in Figs. 6.1-6.4 
and Table 6.3. Here, XRD reference data for NaCl and KCl are shown in Fig. 6.1. Dry process 
samples except SiO-Ti(D), starting from chloride, include crystals: sodium chloride in 
SiO-Na(D), potassium chloride in SiO-K(D), aluminium(III) chloride hexahydrate in 
SiO-Al(D), nickel(II) chloride hexahydrate in SiO-Ni(D), and potassium tetrachloroplatinate 
in SiO-Pt(D). On the other hand, most of the wet process samples, except SiO-Pt(W), indicate 
an amorphous phase; SiO-Pt(W) includes crystalline platinum. The crystallite sizes calculated 
by the Scherrer method will be discussed later. 
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TABLE 6.1 
Preparing Conditions of Products 
 
Droplet 
Sample 
Component 
Object 
metal 
wt % 
Generating 
rate 
gh-1 
SiCl4 
Vaporizing 
rate 
gh-1  
(as SiO2) 
Metal-Silica 
ratio 
in weight 
Metal / SiO2 
SiO-Cont(D)&(W) 
 
None - 39.5 11.8 (4.2) - 
SiO-Na(D)&(W) Sodium Carbonate 4.3  
(as Na)
49.7 11.8 (4.2) 0.51 
SiO-K(D)&(W) Potassium Carbonate 8.5  
(as K) 
52.1 10.6 (3.7) 1.18 
SiO-KCl(D)&(W) Potassium Chloride 7.9 
 (as K)
66.1 14.2 (5.0) 1.04 
SiO-Pt(D)&(W) Potassium 
Tetrachloroplatinate 
0.5  
(as Pt) 
62.2 13.5 (4.8) 0.07 
SiO-Ti(D)&(W) Titanium Tetrachloride 1   
(as Ti) 
81.3 11.6 (4.1) 0.20 
SiO-Al(D)&(W)&(A) Sodium Aluminate 1   
(as Al)
27.1 12.5 (4.4) 0.06 
SiO-Ni(D)&(W)&(A) Nickel Chloride 1   
(as Ni)
61.6 11.7 (4.1) 0.15 
 
 
 
 
 
 
  101
 
 
 
 
 
TABLE 6.2 
Contents of Products 
 
Contents (wt %) 
Sample 
Object metal SiO2 Cl Others 
Metal-Silica ratio 
in weight 
Metal / SiO2 
SiO-Cont(D) - 99.3  0.7 - - 
SiO-Cont(W) - 99.2  0.8 - - 
SiO-Na(D) 26.2 37.9 35.9 - 0.69 
SiO-Na(W)  0.5 97.8  1.7 - 0.01 
SiO-K(D) 44.3 29.3 26.4 - 1.51 
SiO-K(W)  1.1 97.7  1.2 - 0.01 
SiO-KCl(D) 44.6 29.2 26.2 - 1.53 
SiO-KCl(W)  0.7 98.2  1.1 - 0.01 
SiO-Pt(D) 16.0 66.7  9.5 7.8 (K) 0.24 
SiO-Pt(W)  8.0 86.2  4.1 1.7 (K) 0.09 
SiO-Ti(D) 21.2 73.5  5.3 - 0.29 
SiO-Ti(W) 16.4 76.1  7.5 - 0.21 
SiO-Al(D)  6.8 65.2 22.1 5.9 (Na) 0.10 
SiO-Al(W)  7.0 91.9  1.1 - 0.08 
SiO-Al(A)  2.7 96.5  0.8 - 0.03 
SiO-Ni(D) 16.0 73.9 10.1 - 0.22 
SiO-Ni(W) 30.6 67.8  1.6 - 0.45 
SiO-Ni(A)  2.3 95.9  1.8 - 0.02 
 
 
 
 
 
 
  102
 
 
 
 
 
 
 
 
 
 
TABLE 6.3 
XRD Results of Dry Process Samples 
 
Sample Component 
Crystallite size* 
nm 
SiO-Cont(D) Amorphous - 
SiO-Na(D) NaCl 120 
SiO-K(D) KCl 110 
SiO-KCl(D) KCl  95 
SiO-Pt(D) K2PtCl6  85 
SiO-Ti(D) Amorphous - 
SiO-Al(D) AlCl3·6H2O 170 
SiO-Ni(D) NiCl2·6H2O 340 
* Crystallite sizes were determined by the Scherrer method. 
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Figure 6.1. The XRD patterns of (a) NaCl, (b) KCl, (c) SiO-Na(D), 
(d) SiO-K(D), (e) SiO-Na(W), and (f) SiO-K(W). 
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Figure 6.2. The XRD patterns of (a) SiO-Pt(D), (b) SiO-Pt(W), 
(c) SiO-Ti(D), and (d) SiO-Ti(W). 
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Figure 6.3. The XRD patterns of (a) SiO-Al(D), (b) SiO-Al(W), 
and (c) SiO-Al(A). 
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Figure 6.4. The XRD patterns of (a) SiO-Ni(D), (b) SiO-Ni(W), 
and (c) SiO-Ni(A). 
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6.3.2. Formation of Macropores 
Figure 6.5 shows the scanning micrographs of samples prepared from sodium and 
potassium carbonates. As same as reported before, SiO-Na(W) and SiO-K(W) indicate 
shell-like and spongy shapes, respectively. The formation mechanism of these shapes of 
particles can be understood as follows. The droplets of carbonate solutions are neutralized by 
dissolving SiCl4 vapor, and the concentrations of the salt, sodium or potassium chloride, in the 
droplets are getting increase. The rapid drying makes the salt crystallize if the concentration 
of salt in the droplets is high enough to crystallize, as seen in Figs. 6.5 (a) and (c). After the 
crystals are removed under the wet process, shell-like or spongy particles are produced as 
seen in Figs. 6.5 (b) and (d). The crystallite sizes of sodium chloride and potassium chloride 
calculated by the Scherrer method are 120 nm in SiO-Na(D) and 110 nm in SiO-K(D) as 
shown in Table 6.3. The crystallite size of SiO-K(D) agrees with the crystal-like material size 
in the SEM image (Fig. 6.5 (c)), but that in SiO-Na(D) does not (Fig. 6.5 (a)); the observed 
crystal size of SiO-Na(D) is much larger than that by Scherre method for the FWHM of the 
XRD peak. Therefore, the shapes of the particles are concluded to depend on the crystal sizes 
as the aggregate of the crystallites. The fact that SiO-KCl(D) also includes potassium chloride 
crystal having the crystallite size of 95 nm, and SiO-KCl(W) indicates particles of spongy 
shape (the SEM image is not shown here) shows that the formation is not affected by alkaline 
pH of the droplet nor the presence of carbon dioxide, but is affected by its crystal size and 
shape. Therefore, the crystals work as a kind of template for forming macropores in this 
system. 
The macroporosity of SiO-K(W) samples as a function of the concentration of potassium 
carbonate and Si-Cont(W) are measured by mercury porosimetry as shown in Fig. 6.6. The 
macropores between 50 and 1000 nm apparently increase with the concentration of potassium 
carbonate; the cumulative pore volume increases up to 2.4 ml·g-1 which is about 6 times 
greater than that of SiO-Cont(W). 
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Figure 6.5. Scanning electron micrographs of (a) SiO-Na(D), 
(b) SiO-Na(W), (c) SiO-K(D), and (d) SiO-K(W). 
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Figure 6.6. The mercury porosimetry results of SiO-K(W) samples of 
different K2CO3 concentrations [(a) 15 wt %, (b) 10 wt %, (c) 5 wt %],  
and (d) SiO-Cont(W). 
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6.3.3. Nanoparticle Formation of Acid-Resistant Metals 
In order to prepare nanoparticle embedded silica microspheres, the first trial is to use a 
noble metal, platinum, to avoid dissolving the metal compound. As seen in Fig. 6.7 (b), 
SiO-Pt(W) includes nanoparticles attached to silica microparticles. XRD results (Fig. 6.2) 
support that the nanoparticles must be metal platinum of a crystal phase, although the 
crystallinity level is quite low. The dry process sample, SiO-Pt(D), includes crystalline 
K2PtCl6 as shown in Fig. 6.2. K2PtCl6 crystals are also of nanosize as shown in Fig. 6.7 (a), 
and the crystallite size calculated by Scherre method is 85 nm, agreeing with the SEM 
observation. The K2PtCl6 crystals dissolve in water, but the part of the metal platinum, which 
is hard to dissolve, remains in SiO-Pt(W). There must be possibilities to prepare metal 
platinum nanoparticle embedded silica microparticles using this technique. 
According to XPS results as shown in Fig. 6.8, the peak at the binding energy around 103 
eV of SiO-Pt(D), which is attributed to Si2p, shifts to lower binding energy side than that in 
SiO-Cont(W) down to 102.6 eV, which suggests the presence of Si-O-Pt bonds in SiO-Pt(D). 
However, the peak around 103 eV in SiO-Pt(W) returns to the close position of Si2p in 
SiO-Cont(W), which indicates that Si-O-Pt bonds change to Si-O-Si bonds by the acidic 
solution of the wet process. 
Titanium is also acid-resistant metal, so that the preparation of titanium compound 
dispersed silica was performed. SiO-Ti(W) and SiO-Ti(D) include nanoparticles which should 
be titanium compound as seen in Figs. 6.7 (b) and (c). A main difference between SiO-Ti(D) 
and SiO-Pt(D) is on crystallinity; SiO-Ti(D) is amorphous phase as shown in Fig. 6.2. Since 
the counter cation is only titanium, and chloride of titanium has a low melting point and 
reactivity with water in this system, the salt crystal is hard to produce. 
However, there is a possibility to produce new bonds in SiO-Ti(D) such as Si-O-Ti because 
the XPS peak around 103 eV also shifts to lower side similar to SiO-Pt(D) as shown in Fig. 
6.8. The Si-O-Ti bonds in SiO-Ti(D) change to Si-O-Si in SiO-Ti(W) by the acidic condition 
as same as the case of SiO-Pt(D).  
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Figure 6.7. Scanning electron micrographs of (a) SiO-Pt(D), 
(b) SiO-Pt(W), (c) SiO-Ti(D), and (d) SiO-Ti(W). 
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Figure 6.8. The Si2p XPS spectra of (a) SiO-Pt(D), (b) SiO-Pt(W), 
(c) SiO-Ti(D), (d) SiO-Ti(W), and (e) SiO-Cont(W). 
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6.3.4. Nanoparticle Embedding of Acid-Soluble Metals 
The pH of water for the wet process collection changes to acidic side with the progress of 
the reaction. In the case that the metals are easy to dissolve into acidic water, neutralization of 
collection water by alkaline can be applied in order to prepare metal compound nanoparticle 
embedded silicas. This condition is similar to the situation to produce metal hydroxides from 
metal chlorides. We applied this method to aluminium and nicked compounds. 
As expected, aluminium or nickel compound embedded silica particles are produced as 
seen in Fig. 6.9 (b) and Fig. 6.10 (b) by the wet process. SiO-Al(W) is white powder and 
includes macroporous silica particles, which is formed by removing aluminium chloride 
crystal. SiO-Ni(W) indicates green in colour expressing the presence of nickel hydroxide 
although the phase is amorphous according to XRD: amorphous silica and amorphous nickel 
hydroxide. The XPS spectra of these samples as shown in Figs. 6.11 and 6.12 indicate that the 
peaks around 103 eV shift to lower side as those of SiO-Pt(D) and SiO-Ti(D) do, suggesting 
the production of Si-O-Al and Si-O-Ni bonds. The unexpected results are the XPS spectra of 
the dry process samples, SiO-Al(D) and SiO-Ni(D). The XPS spectrum of SiO-Al(D) as 
shown in Fig. 6.11 indicates that the peak top of Si2p slightly shifts to lower side than the 
value of SiO-Cont(W). Therefore, slight amount of Si-O-Al bonds should be produced in 
SiO-Al(D). On the other hand, the peak of SiO-Ni(D) shifts to 103.6 eV as shown in Fig. 6.12, 
which suggests strong influence of chlorine.  
The acid treatments of SiO-Al(W) and SiO-Ni(W) dissolve parts of aluminium and nickel 
compounds as seen Figs. 6.9 (c) and 6.10 (c). The contents of aluminium as Al in SiO-Al(W) 
and SiO-Al(A), and nickel as Ni in SiO-Ni(W) and SiO-Ni(A) are 7 and 3 wt %, and 31 and 2 
wt %, respectively (Table 6.2). More than a half of the aluminium and most of nickel 
compound in SiO-Al(W) and SiO-Ni(W) are removed by the acid treatment; consequently, 
SiO-Ni(A) turns greenish-white powder. According to the XPS results, the Si-O-Al and 
Si-O-Ni bonds in SiO-Al(W) and SiO-Ni(W) change to both Si-O-Si in SiO-Al(A) and 
SiO-Ni(A) as shown in Figs. 6.11 and 6.12.  
The additional research using higher resolution XPS apparatus is required to discuss this 
issue in detail.  
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Figure 6.9. Scanning electron micrographs of 
(a) SiO-Al(D), (b) SiO-Al(W), and (c) SiO-Al(A). 
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Figure 6.10. Scanning electron micrographs of 
(a) SiO-Ni(D), (b) SiO-Ni(W), and (c) SiO-Ni(A). 
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Figure 6.11. The Si2p XPS spectra of (a) SiO-Al(D), (b) SiO-Al(W), 
(c) SiO-Al(A), and (d) SiO-Cont(W). 
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Figure 6.12. The Si2p XPS spectra of (a) SiO-Ni(D), (b) SiO-Ni(W), 
(c) SiO-Ni(A), and (d) SiO-Cont(W). 
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6.3.5. Micro and Mesoporosity 
In the prior article, we reported the microporosity of the similar materials to SiO-Cont(W), 
SiO-Na(W), and SiO-K(W) [16]. The adsorbed amount of water was much greater than that 
of nitrogen in those samples, suggesting the presence of ultramicropores accessible by the 
molecules smaller than the nitrogen molecule. In this article, we focus on the nitrogen 
adsorption properties of nanoparticle embedded silica microspheres.  
Figures 6.13 and 6.14 show nitrogen adsorption and desorption isotherms of wet process 
and acid treated samples. The surface structural parameters calculated from nitrogen 
adsorption data are expressed in Table 6.4. SiO-Cont(W) is almost nonporous silica by 
nitrogen adsorption (Fig. 6.13). SiCl4 vapor absorbed in droplets causes hydrolysis, and 
monosilicic acid and hydrochloric acid are produced. The monosilicic acid polymerizes to 
form primary silica particles. Micropores are formed between the primary silica particles, and 
the pore size depends on the primary silica particle size. In the preceding article, we reported 
the size of primary silica particles increased with the consuming ratio of SiCl4 vapor to water 
droplets. At the preparation condition of SiO-Cont(W), the primary silica particles are too 
small to form the pore accepting nitrogen molecules. 
It is not wondered if the solutes of the solution droplet influence to spread the space 
between primary silica particles. Both isotherms of SiO-Pt(W) and SiO-Ti(W) are close to 
type I, indicating the formation of a slight amount of micropores as shown in Fig. 6.13. The 
values of the micropore volume determined by the DR plot are 0.013, and 0.012 ml·g-1, 
respectively. Both samples contain considerable amounts of metal and chlorine as shown in 
Table 6.2. Therefore, metal chloride clusters should be formed inside of silica particles, which 
spread the space between primary silica particles, providing the micropores. The rising of the 
adsorption branch from over 0.8 of relative pressure (P/P0) means the production of 
mesopores. 
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TABLE 6.4 
Surface Structural Parameters from Nitrogen Adsorption 
 
Sample 
aBET 
m2g-1 
aα 
m2g-1 
Vp 
mlg-1 
W0 
mlg-1 
Vp-W0 
mlg-1 
SiO-Cont(W)   2   2 0.003 0.001 0.002 
SiO-Pt(W)  29  30 0.032 0.013 0.019 
SiO-Ti(W)  28  29 0.024 0.012 0.012 
SiO-Al(W) 169 181 0.281 0.062 0.219 
SiO-Al(A) 277 294 0.372 0.112 0.260 
SiO-Ni(W) 173 179 0.191 0.069 0.122 
SiO-Ni(A) 244 252 0.184 0.109 0.075 
aBET: Specific surface areas obtained by the BET plot. 
aα: Specific surface areas obtained by the αs plot. 
Vp: Total pore volumes by the adsorption amount at P/P0 = 0.98. 
W0: Micropore volumes obtained by the DR plot. 
Vp-W0: Approximate mesopore volumes. 
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Figure 6.13. Nitrogen adsorption and desorption isotherms of 
SiO-Cont(W) (●○), SiO-Ti(W) (▲△), and SiO-Pt(W) (■□). 
The solid and open symbols indicate adsorption and desorption 
branches, respectively. 
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Figure 6.14. Nitrogen adsorption and desorption isotherms of 
SiO-Al(W) (●○), SiO-Al(A) (▲△), SiO-Ni(W) (■□), and 
SiO-Ni(A) (▼▽). The solid and open symbols indicate adsorption 
and desorption branches, respectively. 
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The formation of micropores is more conspicuously observed in SiO-Al(W) and 
SiO-Ni(W) than in SiO-Pt(W) and SiO-Ti(W) as shown in Fig. 6.14. The isotherm of 
SiO-Al(W) is classified to type II, indicating the presence of micropores and relatively 
developed mesopores. The apparent hysteresis is observed in the region of P/P0 between 0.5 
and 1.0. The isotherm of SiO-Ni(W) is an intermediate of types I and II, indicating that the 
mesopore volume is not so significant. In these systems, the content of chloride is not so high, 
1-2 wt %, compared with metal contents. Therefore, metal hydroxides produced by 
neutralization must mainly provide the spaces for micropores. 
 SiO-Al(A), acid treatment sample of SiO-Al(W), shows that the micropore volume 
obtained by the DR plot is twice larger than that of SiO-Al(W), without changing the 
adsorptive tendency of mesopore region as type II. As the result of the acid treatment which 
decreases the amount of aluminium and destroys Si-O-Al bonds in SiO-Al(A), only 
micropores are produced. In SiO-Ni(A), acid treatment sample of SiO-Ni(W), micropores are 
also increased, although the total pore volume is almost similar to SiO-Ni(W). Concerning the 
fact that nickel content decreases to about 1/15, and Si-O-Ni bonds are changed to Si-O-Si 
bonds, the mesopores as the space between the nickel hydroxide nanoparticles are decrease by 
dissolution of nickel hydroxide nanoparticles. 
 
6.4. Conclusions 
The reaction between silicon tetrachloride vapor and droplets of solutions ultrasonically 
generated provides macroporous silica particles and metal compound nanoparticle embedded 
silica microspheres. The macropores are formed by dissolving out the crystallized salts, which 
work as a kind of template. Metal compound nanoparticles can be embedded on/in silica 
microspheres. Metal compound nanoparticle embedded silicas include Si-O-M (M=Al, Ti, Ni, 
Pt) bonds, which change to Si-O-Si in acidic solution. Micropores and mesopores are formed 
in the metal compound nanoparticle embedded silicas. The acid treatment of SiO-Al(W) and 
SiO-Ni(W) induces the increase of micropores. 
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Chapter 7. 
General Conclusions 
 
 
  This dissertation presents that several kinds of silicas with differently designed 
nanostructures can be prepared from sodium silicate solutions or silicon tetrachloride using 
spray drying methods. Prepared silicas indicate different pore characteristics from 
ultramicropores to macropores as described below. 
   
Ultramicroporous silicas can be obtained by an acid treatment of glass microballoons 
derived from sodium silicate solutions. Removing sodium ions remains pores where water 
molecules can access but nitrogen molecules can not. Two pulverizing ways using a nozzle or 
an ultrasonic oscillator give glass microballoons of different properties. Using ultrasonic 
waves, the property of the obtained glass microballoons is similar to hydrated glass. Since the 
glass microballoons were held at a high temperature and humidity for a long time on an 
aluminum scroll, it can be concluded that the sodium ions in the sample were incorporated by 
water molecules during the reaction. The ultramicropore size might depend on the degree of 
the incorporation. In silicas from reactions between silicon tetrachloride vapor and water 
droplets, a slight amount of ultramicropores is also developed. 
  125
  Microporous silicas with relatively high specific surface areas are achieved from 
nano-silica solutions prepared using carboxylic acids. Primary silica particles must be covered 
by sodium carboxylates formed by the neutralization of sodium silicate solutions. Micropores 
are produced by removing the sodium carboxylates. Microporous silicas with relatively low 
specific surface areas are prepared from silicon tetrachloride through reactions with droplets 
containing metal ions. There is a possibility that the metal ions spread the spaces between 
primary silica particles. 
  Mesoporous silicas with wide pore size distributions can be obtained by addition of salts to 
carboxylic acid solutions. Mesopores are remained after salt nanocrystals, formed in the silica 
particles, are removed. Silicas with somewhat developed mesopores can be also obtained 
from the reaction of silicon tetrachloride with droplets containing metal ions. Metal 
compound nanoparticles embedded in silica spheres can function to produce mesopores. 
  Macropores are produced by templating effects of microcrystals formed in silica spheres 
derived from both sodium silicate solutions and silicon tetrachloride. Salts formed by the 
neutralization of sodium silicate solutions or silicon tetrachloride and the added salts can play 
roles of templates. Salts can crystallize even in a narrow space like a microsphere and at a 
moment such as the spray drying. It seems like wonderful arts created by amorphous 
nanoparticles and crystalline microparticles. 
 
Recently, nanotechnologies have been applied for a lot of fields, such as electronic, 
material, and medical sciences and industries. Materials with nanopores of regular structures 
will be able to be controlled using nanotechnologies in the molecular level. The author hopes 
that these consecutive researches can somewhat contribute to the nanotechnological material 
researches and developments. 
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